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The North American migratory monarch butterfly, Danaus plexippus L.,
populations has experienced a ca. 90% decline over the past two decades. The decline is
attributed to climate change, loss and degradation of overwintering habitat, and the loss
of milkweed plants in the midwestern United States. The remaining milkweed stands
often occur close to agricultural fields, and efforts to establish additional milkweed on the
landscape focus on agricultural systems. However, milkweed plants near agricultural
fields are likely exposed to pesticides that could adversely impact monarch caterpillars.
Effective management of milkweed habitat supporting monarch caterpillars requires
knowledge about the toxicological impacts of pesticide exposure. This thesis includes
two research chapters, one exploring monarch rearing on different diets and one
investigating the impact of combinations of a fungicide and three commonly used
insecticides on monarch caterpillar survival.
The second chapter of this thesis reports monarch butterfly rearing methodologies
on an artificial diet and explores the differences in developmental time, survival, and
pupal weight between monarch caterpillars reared on the Southland multi-species

artificial diet (modified by replacing 15% (w/w) of the dry powder diet with tropical
milkweed (Asclepias curassavica L.) powder and on a diet of tropical milkweed leaves.
Monarchs reared on artificial diet had longer development at every life stage, 15% lower
survival, and higher pupal weights relative to the diet consisting of tropical milkweed
leaves.
The third chapter explores the impacts of combinations of the fungicide
propiconazole and commonly used insecticides on monarch caterpillar survival.
Propiconazole is an SBI fungicide and one of the most widely used fungicides in
Nebraska soybean and corn fields. SBI fungicides can alter the toxicity of insecticides by
interfering with the detoxification enzymes cytochrome P450s. We found that coexposure to the SBI fungicide propiconazole with the neonicotinoid insecticide
thiamethoxam and the organophosphate insecticide chlorpyrifos resulted in increased
survival rates of monarch caterpillars. In contrast, we did not observe an interaction in the
co-exposure between propiconazole and the pyrethroid insecticide bifenthrin. In this
study, only antagonistic interactions were observed in monarchs co-exposed to
propiconazole and insecticides, suggesting that SBI fungicides can alter the toxicity of
insecticides in monarchs.
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CHAPTER 1 : LITERATURE REVIEW

Monarch Butterfly Ecology
Monarch Distribution and Migration
The monarch butterfly (Danus plexippus L.) (Lepidoptera: Nymphalidae) is a globally
distributed species present in North America, South America, Europe, Australia, Africa,
and the Pacific Islands (Pierce et al. 2014). All monarch populations are suggested to
have radiated from North American populations (Zhan et al. 2014) via human-facilitated
movement and extreme weather events that push migratory monarchs thousands of miles
off course (Pierce et al. 2014). Only the Eastern and Western North American monarch
populations are considered to be truly migratory. These two populations travel thousands
of miles searching for milkweed plants over the spring and summer months before
traveling back to their respective overwintering grounds and undergoing reproductive
diapause until the following spring (Pierce et al. 2014, Urquhart 1960, Brower 1976). All
non-migratory monarch populations are located in tropical or subtropical regions, where
the temperature allows for continuous reproduction throughout the year (Alitzer et al.
2000, James 1993, Dingle et al., 1999).
The Eastern monarch population ranges from the trans-Mexican volcanic belt
throughout the United States east of the Rockies and up to the southern reaches of
Canada (Urquhart et al. 1976). The Eastern migratory monarch population spends its
winters in reproductive diapause on oyamel fir trees (Abies religiosa H.B.K.) located
within the trans-Mexican volcanic belt (Urquhart et al. 1976). All known overwintering
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monarch locations for the eastern migratory population are around the Monarch Butterfly
Biosphere Reserve (MBBR) in Michoacán, Mexico (Vidal et al. 2014a). The protective
micro-climate of the forest keeps winter temperatures from dropping below freezing,
allowing the adult monarch butterflies to slow down their metabolism and survive
overwintering on stored body resources (Calvert and Brower 1981). Once temperatures
begin to rise from late February to early March, the monarch butterflies come out of
reproductive diapause, mate, and start heading north in search of floral nectar sources to
power flight and, milkweed plants for females to lay eggs (Brower et al. 2006). From
March to September, four to five generations of monarchs migrate from central Mexico
to southern Canada, mostly east of the Rocky Mountains. The most critical area for
monarch reproduction is the midwestern Corn Belt (Pleasants and Oberhauser 2013,
Thogmartin et al. 2017). The final generation of monarchs produced in late August and
September undergo reproductive diapause, accumulate lipid reserves for overwintering
(Alonso-Mejia et al. 2017 and Brower et al. 2006), and migrate back to their
overwintering grounds in Mexico (Urquhart 1976).

Life Cycle and Milkweeds
The monarch butterfly is likely the most recognizable butterfly species in North America.
Adult monarchs have vibrant orange and black wings with speckled white spots along
their bodies and occur throughout Mexico, the United States, and southern Canada from
spring through fall (Urquhart 1960). Their larvae are bright yellow with black, yellow,
and white stripes. They exclusively feed on plants in the Asclepias genus or closely
related genera. Asclepias spp. contain a thick white latex substance released in response
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to herbivore feeding or damage, thus their common name, milkweed plants (Urquhart
1960). The white latex substance contains toxic compounds known as cardenolides, a
subfamily of cardiac glycosides (Agrawal et al. 2012). Cardenolides inhibit the enzyme
Na+/K+-ATPase which transports Na+ into cells and K+ out. Inhibition of the Na+/K+
ATPase can cause death or sickness in animals that ingest cardenolides (Agrawal et at.
2012, Brower et al. 1976). Monarch butterflies have co-evolved with milkweed chemical
defense, sequestering cardenolides in their body tissues and hemolymph (Jones et al.
2019), and resulting in monarch caterpillars and adults being toxic and foul-tasting to
potential predators (Brower et al. 1967, Brower and Glazier 1975). The bright orange
coloration of monarch adults and bright yellow coloration of caterpillars act as
aposematic warning signals to predators that they are toxic (Reichstein et al. 1968).
The migratory monarch butterfly populations have four to five generations
occurring within their breeding season, from March/April to August/September (Urquhart
1960). Like all butterflies, the monarch undergoes holometabolous metamorphosis,
consisting of egg, larval, pupal, and adult phases. Adult female monarchs lay their eggs
exclusively on Asclepias spp. or closely related plants such as honeyvine (Cynanchum
leave (Michx.) Pers.). Generally, adult females will lay a single egg on a plant or even a
single egg in a patch of milkweed (Zalucki et at. 1982). Female monarchs aim to lay eggs
on milkweed plants with medium levels of cardenolides, i.e., milkweed plants not
containing an over-or under abundance of cardenolides (Agrawal et al., 2021), suggesting
that sequestration of cardenolides by monarch caterpillars may have a fitness cost. Each
monarch egg hatches in two to three days (Zalucki et al. 1982). The newly emerged
neonate will immediately consume their eggshell and then feed on the milkweed plant
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upon which they were laid (Urquhart 1960). Early instar monarchs feed on the underside
of milkweed leaves after laying silk on leaves underside to help them hang on to the plant
and then severing the veins of the milkweed leaf to decrease the amount of latex
produced from feeding on the plant (Zalucki et al. 2001). Monarch neonates that fail to
effectively sever leaf veins in this manner have higher chances of becoming stuck to the
milkweed plant and dying from desiccation or starvation. Caterpillars will feed on the
plant on which they were hatched through their third instar and subsequently migrate to
another milkweed plant to continue feeding (Fisher et al. 2020, Stevensen et al. 2021).
Each larval instar lasts two to three days except for the fifth instar, which lasts three to
five days depending on temperature (Urquhart 1960). Fifth instar monarch larvae ready to
pupate will migrate to another plant or tree, up to 10 m away from their host plant
(Urquhart 1960). Monarchs remain as pupae for 10 to 14 days before emerging as adults.
Adult monarchs feed on nectar from a variety of flowers (USDA 2014). Adult females
take around five days to become sexually active, whereas male monarchs are sexually
active upon emergence (Oberhauser 1997). Male monarchs are easily recognizable by the
presence of a pheromone sack, appearing as a black dot on the back of their hind wing
(Figure 1.1A), and female monarchs wing venation is significantly thicker than male
wing venation (Figure 1.1A and 1.1B). Wild females are estimated to lay between 200
and 600 eggs throughout their lifetime, while in captivity female monarchs laid, on
average, 715 eggs (Oberhauser 1997). Both wild and captive monarchs are estimated to
have an egg-laying life span of two to six weeks (Oberhauser 1997).
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Causes of North American Monarch Butterfly Decline
Population Status: U.S. Fisheries and Wildlife Service Assessment
North America’s migratory monarch butterfly populations have severely and rapidly
declined since the 1990s (Flockhart 2013). The eastern migratory monarch population,
which accounts for 99% of the monarch butterfly population, has experienced an 80%
decline since population monitoring began in the mid-1990s (Center for Biological
Control 2021). Due to the severe decline in monarch populations, in 2014 a multiorganizational group petitioned the U.S. Fisheries and Wildlife Service (USFWS) to list
the monarch under the Endangered Species Act. In 2021, the USFWS decided that listing
the monarch was warranted but precluded in order to focus resources on species in
greater need of protection (Golden et al. 2020).

Deforestation of Overwintering Habitat
One of the most significant threats to the eastern migratory monarch populations is the
deforestation of the overwintering oyamel fir forests in Mexico (Jepsen et al., 2015). The
forest acts as a “protective dome” by protecting monarchs from low temperatures and
reducing the impact of severe winter weather events that would otherwise cause mass
kills of monarchs (Brower et al., 2011). In response to rampant deforestation in the
1990s, the forest gained protected status and became known as the Monarch Butterfly
Biosphere Reserve (MBBR). Significant large-scale, illegal logging continued in some
reserve areas until 2009 but was quelled through law enforcement and financial
incentives to the logging communities (Vidal et al., 2013). Since then, large-scale
deforestation has significantly decreased, but small-scale deforestation is still occurring,
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and protecting the forest is becoming an increasingly dangerous job. In 2020, two
conservationists were found dead, suspected of being murdered by cartel members
running illegal deforestation operations in the area (Vidal et al. 2013, BBC 2020).

Climate Change
The destruction of the monarch butterflies’ overwintering habitat is compounded by an
increase in severe weather events resulting from climate change. Severe winter storms
associated with cloudy and wet weather in the trans-Mexican volcanic belt have caused
substantial mortality among overwintering monarchs (Brower et al. 2002). The frequency
and severity of severe weather events that could cause massive kill-offs of monarchs are
expected to increase as the effects of climate change are increasingly manifested across
the globe (Van Der Wiel and Bintanja 2021). A lower quality forest with reduced
protective abilities for overwintering monarchs, coupled with increased severe weather
events, poses a significant risk to overwintering monarch populations. Further, climate
model projections suggest increased temperatures in the trans-Mexican volcanic belt that
will completely reduce suitable habitat for oyamel fir trees within the MBBR by 2099. It
is unknown if monarchs will overwinter on different trees that would overtake the oyamel
fir trees (Sáenz Romero et al. 2012).
Rising temperatures pose alternative threats to monarchs in their breeding grounds
in the United States. Monarch larvae have a limited capacity to survive and develop at
temperatures above 36°C (York and Oberhauser 2002). Future climate models suggest
heat-induced lethal and sublethal effects on monarch larvae may occur (Zipkin et al.
2012).
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Loss of Milkweeds and Breeding Habitat
The loss of milkweed plants throughout the United States is considered the leading cause
for the decline of overwintering monarchs in the past couple of decades, particularly the
loss of milkweed habitat in the midwestern United States. An estimated 38% of
overwintering adult monarchs originated from the Midwestern Corn Belt over the past 38
years (Flockhart et al., 2017). Pleasants (2017) estimated that from 1999 to 2014, there
was a loss of 862 million milkweed stems in the midwestern Corn Belt, with only 1.34
billion stems remaining. The loss of milkweed habitat is attributed to the introduction of
herbicide-resistant crops such as glyphosate-resistant corn in the 1990s, resulting in
increased usage of herbicides and expansion of farmland in the 2000s (Pleasants et al.
2013).

Pesticides
In the Midwestern United States, corn and soybean production encompasses
approximately 42% of the land cover, followed by forests (18%), prairies (13%), human
habitation (5%), and human infrastructure (6%) (Thogmartin et al. 2017). Midwestern
agricultural systems heavily rely on pesticides. For example, almost 100% of corn and
soybean fields receive herbicide applications (USDA 2020) and it’s estimated that nearly
20% of fields receive some form of foliar insecticide treatment (USDA 2020). Further,
between 70% and 100% of corn and soybean seeds are coated with a seed treatment
containing a mixture of pesticides, including insecticides such as neonicotinoids and
various fungicides and herbicides (Douglas and Tooker 2015).
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A large portion of current milkweed habitat in the midwestern United States
occurs along agricultural borders. A study in 2019 evaluated pesticide residues in
milkweed plants in northeastern Indiana and found that most milkweed plants contained
insecticide, fungicide, or herbicide residues, often with multiple pesticides present on a
single plant (Olaya-Arenas et al. 2019). The most predominant insecticide residue on
milkweed leaves was the neonicotinoid thiamethoxam and the pyrethroid deltamethrin. In
2016, thiamethoxam and deltamethrin were detected in 75.4% and 98.9% of milkweed
samples, respectively. Atrazine was the most dominant herbicide, detected on 79.7% and
86.6% of milkweed samples from 2015 and 2016. Pyraclostrobin and propiconazole were
the most prevalent fungicides found on milkweed tissues. Pyraclostrobin was detected on
54.7% and 31.1% of samples in 2015 and 2016 and propiconazole in 34% and 98% of
samples in 2015 and 2016 (Olaya-Arenas et al. 2019). A similar study conducted in 2020
evaluated pesticide residues in milkweed plants in the Central Valley of California found
50% and 10% of milkweed samples had 7 and 17 different pesticide residues,
respectively (Halsch et al. 2020). In that study, the most commonly detected pesticides
were the insecticides methoxyfenozide and chlorantraniliprole that were found in 96%
and 91% of milkweed samples, respectively.
Research evaluating the impact of individual insecticide exposures on monarchs
has grown in recent years (Krishnan et al. 2020, 2021a, 2021b, Krishnan et al. 2021,
Krueger et al. 2021a, Krueger et al. 2021b, Pecenka and Lundgren 2015, Olaya-Arenas et
al. 2021, and Krischik et al. 2015). Monarch egg and larval stages appear to be the most
sensitive, while pupal and adult stages appear to be the least sensitive (Krishnan et al.
2021). Krishnan et al. (2020) evaluated the 96-hour LC50 of five insecticidal modes of
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action on monarch caterpillars at various developmental stages and found that the
pyrethroid beta-cyfluthrin and the anthranilic diamide chlorantraniliprole posed a higher
risk for mortality of monarchs downwind from treated fields compared to the
organophosphate, chlorpyrifos, and the neonicotinoids, imidacloprid, and thiamethoxam.
It was further found that the LC50 for chronic exposure to caterpillars for the insecticides
chlorpyrifos, thiamethoxam, chlorantraniliprole, clothianidin, and imidacloprid were 1.1,
3.7, 5.2, 11, and 39 times lower than acute 96-hour LC50 for the most sensitive instars
(Krishnan et al. 2021). Implicating that long term exposure to lower concentrations of
insecticides can cause greater mortality than an acute exposure at high concentrations
(Krishnan et al. 2021).
Further examination of pyrethroid toxicity by Krueger et al. (2021a) demonstrated
that bifenthrin and beta-cyfluthrin can cause sublethal effects, affecting growth and diet
consumption in fifth instar monarchs, which can adversely affect long-term survival.
Similarly, monarch caterpillar exposure to field-realistic rates of the pyrethroid
deltamethrin, commonly used for mosquito management, exhibited a significant
reduction in survival and had longer development times at a distance of 25 m from the
application site (Giordano et al. 2020). Exposure to the pyrethroid permethrin or
resmethrin, often sprayed for mosquito control in areas where milkweed plants are
present, are also likely to result in mortality to both larvae and adults (Oberhauser et al.
2006 and 2009).
Neonicotinoids are the most studied class of insecticide in monarch butterflies.
Neonicotinoids are less toxic to monarchs than other classes of insecticides (Krishnan et
al. 2020 and 2021). However, exposure to neonicotinoids during the final larval instar
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was shown to cause arrested pupal ecdysis (Krishnan et al. 2020 and 2021). This finding
was the first time that arrested pupal ecdysis from neonicotinoid exposure was described
and is hypothesized to occur via direct or indirect disruption of crustacean cardioactive
peptide (CCAP) neurons (Krishan et al. 2021b). Milkweed exposed to clothianidin via
seed treatments from agricultural fields decreased monarch larval survival, while adults
exhibited greater oviposition preference for treated over untreated milkweed plants
(Knight et al. 2019). However, Mullins et al. (2021) showed that milkweed exposure to
foliar or soil imidacloprid did not affect oviposition preference. Differences observed
between the two studies on oviposition preference may be explained by the fact that the
Knight et al. (2019) study was carried out under field conditions. However, another study
showed that, even with life-long low-level exposure of caterpillars to milkweed plants
planted in soil dosed with the neonicotinoid clothianidin, it did not affect adult migration,
flight orientation, or travel time (Wilcox et al. 2021). Adult monarch exposure to
imidacloprid at field-realistic levels found in nectar resulted in a 58% reduction in adult
life span (James et al. 2019).
Only one study, has explored the impacts of herbicides, fungicides, or multiple
pesticide exposures (Olaya-Arenas et al. 2020). Olaya-Arenas et al. (2020) exposed
second instar monarch larvae to pesticide residues on milkweed plants reported in a
previous study (Olaya-Arenas et al. 2019), including the insecticide clothianidin, the
herbicides atrazine and S- metolachlor, and the fungicides azoxystrobin, pyraclostrobin,
and trifloxystrobin individually and in combination. Exposure to all the pesticides
together resulted in a 14% reduction in herbivore feeding when compared to individual
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insecticide exposures. Exposure to fungicides caused the most adverse impacts, resulting
in smaller (e.g., 12.5% decreased wingspan) adults (Olaya-Arenas et al. 2019).

Rehabilitation of the Eastern Migratory Monarch Population
In the United States, the most crucial action to stop and reverse monarch population
decline is mitigating breeding habitat loss and establishing new breeding habitat.
Thogmartin et al. (2017) estimated that an additional 1.3 billion stems of milkweeds
would need to be planted in the United States midwest to bring the overwintering eastern
migratory monarch population up to a stable population that has a low chance of
extinction. The establishment of milkweed habitat near and around agricultural fields is
necessary, despite the potential adverse impacts from pesticide exposure, as the benefits
of an increase in habitat will likely overshadow the negative effects of pesticide exposure.
However, without a substantial conversion of low production agricultural land to
pollinator-friendly and milkweed-containing habitat, the required amount of milkweed
plants is not likely to be established (Thogmartin et al. 2017). Financial incentives by the
federal government through programs such as the Conservation Reserve Program (CRP)
need greater funding for growers to financially justify converting their fields into CRP or
CRP-like (milkweed and flowering forb-containing) land (AFBF 2020).
The protection of the habitat in the Mexican overwintering grounds, continued
law enforcement and economic stimulus also needs to continue to prevent and dissuade
illegal logging. In response to the potential loss of oyamel fir tree habitat due to climate
change, assisted migration of oyamel fir trees to higher elevations is currently in progress
(Sáenz Romero et al. 2012). However, within and around the MBBR, it is estimated that
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there will be no suitable habitat for the oyamel firs by 2099, and it is unknown how
monarch butterflies will respond to the loss or location change. Alternatively, the area in
the MBBR will become suitable for other coniferous species, such as Pinus
pseudostrobus Lindl or Picea martinezii Pinabete, but it is unknown if overwintering
monarchs will accept an alternative overwintering host tree (Sáenz Romero et al. 2012).
Given that overwintering monarchs along the California coastline do not overwinter on
oyamel fir trees, there is a possibility that they may use an alternative overwintering host
tree such as P. pseudostrobus or P. martinezii (Pelton et al. 2019).

Pesticide Mixtures Toxicology
Insect Detoxification
The susceptibility of an insect to a pesticide is in part related to their capacity to
metabolize the pesticide once in their system. The goal of the metabolism of xenobiotics
is to increase a xenobiotic’s solubility, making a compound more water-soluble and allow
for excretion. Metabolism of xenobiotics such as insecticides can reduce the toxicity of
an insecticide, but it can also increase the toxicity of the insecticide by activating them or
the creation of more toxic breakdown products (Yu 2008). The biotransformation of
xenobiotics is divided into three main phases. Phase I reactions are the first step and
make a direct change to the xenobiotic, increasing water-solubility to make excretion
easier. Phase I reactions include oxidation, hydrolysis, and reduction reactions, carried
out by cytochrome P450 monooxygenases (P450s), esterases, and reductases,
respectively (Yu 2008). Phase II enzymes conjugate xenobiotics, often the byproducts of
phase I metabolism, with hydrophilic endogenous compounds (i.e., sugars, glutathione,
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steroids, etc.) (Yu 2008). Phase III metabolism is the transportation of phase I and II
byproducts outside the cell (Yu 2008).
Phase I enzymes, P450s and esterases, and phase II Glutathione S-Transferases
(GSTs), are generally the most important enzymes for pesticide metabolism. However,
ABC transporters, phase III enzymes, have been linked to insecticide resistance (Silva et
al., 2012a; Dermauw and Van Leeuwen, 2014). As previously indicated, the metabolism
of pesticides can result in increased or decreased toxicity depending on the insecticide in
question. For example, the organophosphate chlorpyrifos is a pro-insecticide that has low
toxicity in its original form. Metabolism of chlorpyrifos by P450s, transforms it into
chlorpyrifos-oxon, which has a higher binding potential to its target site (Karanth and
Pope 2000).
The toxicity of an insecticide can also be altered by the presence of other
compounds that interfere with the metabolism of the insecticide. For example, the model
enzyme inhibitor piperonyl butoxide (PBO) has a high binding potential to P450s and
irreversibly binds to them, leaving the P450s unable to interact with the insecticide (Jones
1998). When an insect is co-exposed to PBO and an insecticide metabolized by P450s,
PBO will compete with the insecticide for the P450’s metabolic site and reduce the
amount of P450s available for the metabolism of the insecticide, resulting in altered
toxicity of the insecticide (El-Merhibi et al. 2004, Demkovich et al. 2015). The fungicide
propiconazole can have similar inhibitory effects on P450s as that of PBO (Iwasa et al.
2004), and has been shown to have synergistic effects with insecticides on mortality in
Apis melifera (Johnson et al. 2013, Wade et al. 2019, Iwasa et al. 2004). Propiconazole is
commonly used in corn and soybean agricultural systems so synergistic effects with
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insecticides could also potentially occur in monarchs, an issue further investigated in this
thesis.

Propiconazole Synergism and Antagonism
Propiconazole belongs to the sterol biosynthesis inhibitor (SBI) class of fungicides. SBI
fungicides’ mode of action is the inhibition of fungal cell wall growth by inhibiting
cytochrome P450 (CYP) 14α-demethylase (Skolness et al. 2013). Previous studies have
reported that inhibition of P450s by SBI fungicides is not fungi-specific and can occur in
other organisms. Inhibition of P450’s by propiconazole has been observed in vitro in rat
liver cells and in the Aisan honey bee (Apis cerana cerana) causing inhibition of the
P450 substrates ethoxy coumarin O-deethyelase activity (ECOD) (Sun et al. 2004, Han et
al. 2019), pentoxyresorufin O-dealkylation (PROD) activity and methoxyresorufin Odealkylation (MROD) activity in rat liver cells (Sun et al. 2004).
Induction of P450 enzymes by propiconazole was implicated in synergizing with
organophosphate parathion in the fathead minnow, Pimphales promelas Rafinesque, by
increasing parathions activation rate into its toxic metabolite, paraoxon (Levine et al.
1999). In the water flea, Daphnia magma Stratus, propiconazole increased the lethality of
the pyrethroid α-cypermethrin (Kretchnan et al. 2015). The effects of SBI fungicides on
insecticide toxicity in insects have only been explored in bee species. In bioassays with
the western honey bee, A. mellifera, propiconazole increased the toxicity (synergized)
with the anthranilic diamide chlorantraniliprole, the pyrethroid tau-fluvalinate, and the
neonicotinoid thiacloprid (Wade et al. 2019, Johnson et al. 2013, and Iwasa et al. 2004),
but showed limited synergism with the neonicotinoids imidacloprid and thiamethoxam
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(Iwasa et al. 2004 and Thompson et al. 2014) and no synergism with the diacylhydrazine
methoxyfenozide or benzoylurea diflubenzuron (Wade et al. 2019). The SBI fungicide
prochloraz showed significant synergism (100-fold increase in toxicity) with the
organophosphate coumaphos in A. mellifera (Johnson et al. 2013).

Propiconazole Use in Nebraska
The fungicide propiconazole was the most-used fungicide on soybeans (11% of soybean
acres) in Nebraska in 2018 (USGS 2020). Data on applications of propiconazole in corn
is unavailable. Foliar applications of propiconazole and other SBI fungicides in Nebraska
commonly occur around mid-July when soybeans are at the R3 stage and corn is at the
VT stage (Wise et al. 2019, Giesler and Miller 2017). Further, as previously stated,
Olaya-Arenas et al. (2019) examined pesticide residue in milkweed plants around
agricultural fields in north-western Indiana and found that 34% and 98.3% of sampled
milkweed plants in 2015 and 2016, respectively, contained propiconazole residues
(Olaya-Arenas et al. 2019). The presence of monarch butterflies in Nebraska from June to
August/September (NGBC 2017) overlaps with propiconazole usage in Nebraska corn
and soybean fields (Giesler and Miller 2017), suggesting that monarch larvae may be
exposed to propiconazole while feeding on milkweeds around treated fields.

Chlorpyrifos and Propiconazole Interaction
Chlorpyrifos is an organophosphate insecticide that is one of the most prevalently used
insecticides in Nebraska on corn and soybean fields (USDA 2020). However, the EPA is
banning its use on food crops in early 2022 due to neurodevelopmental problems and
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impaired brain function in children from chlorpyrifos residues in food (USEPA 2020).
Because most corn and soybean fields are used for the production of animal feed, the use
of chlorpyrifos in Nebraska will be extremely limited to crops that have no food usage.
Chlorpyrifos acts on the central nervous system by binding to the enzyme
acetylcholinesterase (AchE) and preventing the breakdown of the excitatory
neurotransmitter acetylcholine (Ach) in the neural synapse (Smegal 2000) resulting in
continuous excitatory signaling and eventual death (Karanth and Pope 2000).
Chlorpyrifos is a pro-insecticide activated by P450-mediated desulfuration creating
chlorpyrifos-oxon (Figure 1.2) (Choi et al. 2006), which, as previously explained, has a
higher affinity to AchE (Karanth and Pope 2000). Because P450s activate chlorpyrifos,
the toxicity of chlorpyrifos is dependent on levels of P450s available to metabolize it. For
example, in the water flea, Ceriodaphnia dubia Richard, chlorpyrifos toxicity is
significantly decreased after pre-exposure to PBO (El-Merhibi et al. 2004). Combined
exposure to the organophosphate coumaphos and the SBI fungicide prochloraz resulted in
a synergistic interaction on mortality in A. mellifera adults (Johnson et al. 2013).
Coumaphos, like chlorpyrifos, is a pro-insecticide requiring P450 metabolism to be
transformed into coumaphos-oxon (Vlogiannitis et al. 2021). The synergistic interaction
between prochloraz and coumaphos in A. mellifera may suggest that prochloraz-induced
P450s responsible for coumaphos metabolism resulting in higher mortality, as seen with
propiconazole and the organophosphate parathion in P. promelas (fathead minnow)
(Levine et al. 1999). Since propiconazole and chlorpyrifos are both used on corn and
soybean in the midwestern United States, monarch larvae feeding on nearby milkweed
will plausibly be exposed to both pesticides (USGS 2020). Therefore, there is a
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possibility that the presence of propiconazole could affect the toxicity of chlorpyrifos in
monarch larvae growing near agricultural fields.

Bifenthrin and Propiconazole Interaction
Bifenthrin is a pyrethroid insecticide commonly used to control insect pests in corn and
soybean fields in Nebraska. In 2018, bifenthrin was estimated to be used on 12% of corn
and soybean fields (USDA 2020). Bifenthrin is a type I pyrethroid insecticide that acts on
the central nervous system by binding to voltage-gated sodium channels (VGSC) along
the axon and preventing recovery of the neuron to its resting state after a depolarization
event, leading to overstimulation of neurons, and eventually death (Bradberry et al.
2005). Metabolism of bifenthrin mainly occurs by esterase-mediated hydrolyzation of
ester linkages and P450-mediated oxidation of its aromatic rings (Figure 1.3), primarily
producing 2-methyl-3-phenyl-benzyl alcohol and 2-methyl-3-phenylbenzoic acid,
respectively (Bradberry et al. 2005, Krieger et al. 2010). In the crustacean Hyalella
Azteca Saussure, exposure to PBO and bifenthrin increased the lethality of bifenthrin
(Amweg et al. 2006). In the orange navel moth, Amyelois transitella Walker, combined
exposure of bifenthrin with PBO or S,S,S-tributylphosphorotrithioate (DEF), (a model
enzyme inhibitor of esterase’s) increased the lethality of bifenthrin (Demkovich et al.
2015). The increased toxicity of bifenthrin due to PBO or DEF pre-exposure suggests that
both P450s and esterases, respectively, play an essential role in the detoxification of
bifenthrin.
Previous research indicates that monarchs are highly susceptible to bifenthrin and
other pyrethroids (Kreuger et al. 2021 a and b, Krishnan et al. 2020 and 2021). Based on
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the proposed detoxification mechanisms of bifenthrin, there is a possibility that
propiconazole may synergize with bifenthrin, resulting in even higher toxicity over
individual exposure. Exploring the combined exposure of bifenthrin and propiconazole is
critical in understanding the impacts of multiple pesticide exposures on monarchs.

Thiamethoxam and Propiconazole Interaction
Almost every corn field and most soybean hectares are planted with a neonicotinoid seed
treatment (Douglas and Tooker 2015), and an estimated 680,000 kg of thiamethoxam,
clothianidin, and imidacloprid are used as a foliar or soil drench application in urban,
rural, and agricultural areas annually (USDA 2020). However, data on the foliar usage of
neonicotinoids in corn and soybeans is not available for Nebraska (USGS 2020). The
neonicotinoid insecticide thiamethoxam is a competitive agonist of nicotinic
acetylcholine receptors (nAChR) (Wiesner and Kayser 2000). Neonicotinoid insecticides
bound to nAChR receptors cannot be broken down by acetylcholine esterases, resulting
in prolonged substrate binding to the nAChR and generation of neuron overstimulation
and eventual death (Simon-Delso et al. 2016, Wiesner and Kayser 2000).
Thiamethoxam is primarily metabolized by P450-mediated oxidation, producing
multiple metabolites, most notably the neonicotinoid clothianidin (Figure 1.4) (Ford et
al. 2006). Fifth instar Spodoptera frugiperda Smith (Lepidoptera: Noctuidae) orally fed
thiamethoxam metabolized it into clothianidin within five hours (Nauen et al. 2003). In
the housefly, Musca domestica L., exposure to PBO or DEF with thiamethoxam caused
increased thiamethoxam toxicity by 5-fold and 2.94-fold, respectively (Khan et al. 2015).
The study on M. domestica suggests that in insects, both P450s and esterases play a role
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in metabolizing thiamethoxam. Based on studies in other species, monarch exposure to
propiconazole and thiamethoxam may result in increased thiamethoxam lethality due to
propiconazole’s inhibitory effect on P450s.

Ecological Risk Assessment
Ecological Risk Assessment and Surrogate Species
The U.S. Environmental Protection Agency (USEPA) requires evaluation of the effect of
pesticides on non-target organisms. The evaluation of the impact of pesticides on nontarget organisms is performed through the process of ecological risk assessment (ERA)
(USEPA 2020). Assessment of the adverse effects of pesticides on all non-target
organisms present in an ecosystem is unfeasible, hence the EPA implements the use of
surrogate species. Surrogate species within the pesticide ERA framework are directly
tested to evaluate the toxicological impacts of a pesticide, and the results are extrapolated
to the other species in the environment. In the United States, only a single species is used
as surrogate species to represent all non-target terrestrial arthropods for synthetic
pesticides ERA: the western honey bee, A. mellifera (USEPA 2004). The use of A.
mellifera as the sole surrogate species for terrestrial insects' pesticide risk assessment is
attributed to the ease of working with this species, established testing protocols, and high
susceptibility to pesticides due to its relatively few key detoxification P450 enzymes
compared to most other arthropods (Claudianos et al., 2006). However, the assumption
that A. mellifera is more susceptible to pesticides than other arthropods is problematic as
A. mellifera is not as susceptible to many insecticide classes compared to other non-target
arthropods (Banks et al. 2019, Banks et al. 2010, Hardstone and Scott 2010, Hoang et al.
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2011). A meta-analysis by Hardstone and Scott (2010) found that honey bees were not
any more sensitive than other insects to the insecticide classes of carbamates,
neonicotinoids, organochlorines, organophosphates, and pyrethroids. A mellifera were,
however, highly sensitive to specific insecticides such as some specific neonicotinoids.
Solely using A. mellifera as a surrogate species likely under-estimates the risk of
pesticides to many non-target terrestrial arthropods.

Monarchs as a Surrogate Species
The monarch butterfly may be a suitable surrogate species for non-target terrestrial
arthropods. Public interest in protecting the monarch butterfly has led to increased
research evaluating the adverse effects of insecticides on monarchs (Pecenka and
Ludgren 2015, Krueger et al. 2021a and 2021b, Olaya-Arenas et al. 2019 and 2020,
Krishnan et al. 2020, and 2021, Halch et al. 2020). Chlorantraniliprole is considered a
pollinator-friendly insecticide due to its low honey bee toxicity (USEPA 2022). However,
chlorantraniliprole is highly toxic to monarch caterpillars (Krishan et al. 2020 and
2021a). Furthermore, a study evaluating insecticide residue analysis on milkweed plants
collected from the Central Valley of California, found that 26% and 78% of samples had
chlorantraniliprole levels exceeding monarchs LD50 and LD10, respectively (Halsch et al.
2020). A meta-analysis comparing the sensitivity of lepidopterans to insecticides found
that monarchs are more susceptible to pyrethroids and diamides than most other
lepidopterans studied (Hall et al. 2021). For topical exposures to pyrethroids, monarchs
were the fourth most sensitive species behind Choristoneura fumiferana (Clements),
Heliconius charithonia L., and Eumaeus atala Poey (Hall et al. 2021). In oral exposures
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to pyrethroids, monarchs did not appear overly sensitive compared to other lepidopteran
species (Hall et al. 2021). However, there are few oral studies in lepidoptera establishing
an oral LC50. For topical exposures to the diamide chlorantraniliprole, monarchs had a
LD50 ranging from 0.034 to 150 ng/larva at different instars, while Plutella xylostella L.
had a LD50 of 900 ng/g larva, and S. frugiperda a LD50 of 1 ng/g larva (Hall et al. 2021).
For dietary exposures to diamides, monarchs had the highest susceptibility with a dietary
LC50 ranging from 0.19-23 ng/cm2 at different instars compared to dietary LC50 of 50
ng/cm2 for Chrysodeixis includens Walker (Hall et al. 2021) . Monarch butterflies' higher
susceptibility towards diamides and pyrethroids may make them a suitable surrogate
species to represent non-target arthropods for those individual classes of insecticides.
However, for monarchs to be useful in ecological risk assessment, standardized bioassays
and rearing methodologies must be developed (Carstens et al. 2014, Li et al. 2014).

Monarch Rearing
Research utilizing monarch butterflies in laboratories is mainly done using milkweed
plants. Artificial diets are rarely used for rearing. Previously reported rearing
methodologies for monarch butterflies on artificial diet (Glass and Pan 1982) have not
been successfully replicated by others (Shephard et al. 2020), or the success of the
caterpillars has not been reported (Pereira al. 2010). Other reported artificial diets have
been used, such as a modified Heliothis stonefly powder by Ward’s Science (Krishnan et
al. 2021a) and C.J. Taylors from Monarch Watch artificial diet (Shephard et al. 2022,
Vickerman et al. 2002, Merlin et al. 2013, and Market et al. 2016). However, details
about the performance of the monarchs fed on the diets are not reported and have
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inadequate descriptions of rearing methodologies on the artificial diet. Providing rearing
methodologies for monarchs on an artificial diet can indicate potential limitations of the
artificial diet, which is critical considering that the diet may alter biological parameters
such as development time, survival, and gene expression (Yocum et al. 2006, Zhang et al.
2019, Lang et al. 2019). Establishing a well-studied artificial diet for rearing monarchs
can provide many benefits, such as using it as a research tool to evaluate the effects of
dietary supplements and toxins (Shephard et al. 2020 and 2021, Hellmich et al. 2001, Li
et al. 2014, Sadeghi et al. 2009) or standardize nutritional profiles independent of
milkweed plant quality, and provide rearing methodologies that are less resourceintensive compared to rearing on milkweed plants (Cohen et al. 2004).

RESEARCH OVERVIEW
Published rearing methodologies for monarch butterflies on artificial diet are
inadequate (Glass and Pan 1982), and rearing methodologies using milkweed leaves can
be time-consuming. A standardized artificial diet for rearing monarchs and performing
experiments could increase the accessibility of monarchs to risk assessors for plantincorporated products (Carstens et al. 2014) and allow the inclusion of the monarch
butterfly as a non-target organism during early screening of insecticides. However,
artificial diets can cause changes in biological parameters such as development, survival,
and gene expression. The second chapter of this thesis explores the differences in
development time, survival, and pupal weights of monarchs reared on an artificial diet
and tropical milkweed leaves. Caterpillars were randomly assigned to be raised on either
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tropical milkweed leaves or on the Southland multi-species Lepidoptera diet modified by
replacing 15% (w/w) of the dry diet powder with milkweed powder.
The third chapter of this thesis explores the effects of the SBI fungicide
propiconazole on the toxicity of chlorpyrifos, bifenthrin, and thiamethoxam. The United
States midwest is a crucial breeding ground for overwintering monarch butterfly
populations. However, this landscape is characterized by extensive agricultural land with
large amounts of pesticide inputs. Milkweed habitat often borders agricultural fields, and
the caterpillars feeding on these milkweeds may be exposed to multiple pesticides
(Olaya-Arenas et al. 2019). Assessing the adverse impacts of multiple pesticide
exposures is critical to accurately assess the risk that agricultural pesticides pose to
monarch butterflies and to assist in improving conservation strategies for this species.
The pesticides selected for this study were selected based on their use in Nebraska. The
fungicide propiconazole is among the most-used fungicides in Nebraska, and its use
coincides with monarch butterfly presence in the state from June to August/September
(NGPC 201). The pyrethroid bifenthrin, organophosphate chlorpyrifos, and neonicotinoid
thiamethoxam are among the most-used insecticides in Nebraska to manage corn and
soybean pest species and their time of application overlaps with monarch presence and
usage of propiconazole. In 2022, chlorpyrifos will be banned on food crops (USEPA
2020), and thus coincident exposure to propiconazole and chlorpyrifos to monarchs is not
as likely. Combined exposure to propiconazole and insecticides can result in altered
insecticide toxicity due to propiconazole competitive irreversible inhibition of P450s or
through induction of P450 activity (Iwasa et al. 2004). Thus, to accurately characterize
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the risk of pesticides on monarchs, it is essential to explore the interaction with other
pesticides such as propiconazole.
In this chapter, caterpillars were orally exposed to pesticide concentrations
reflecting deposition concentrations at 0, 5, and 10 m away from the agricultural field
border using modeled deposition rates from the U.S. EPA AgDRIFT model (AgDRIFT
ver. 2.1.1, USEPA 2016). Third instar caterpillars were exposed to the individual
pesticides propiconazole, chlorpyrifos, bifenthrin, and thiamethoxam, and combinations
of propiconazole with either chlorpyrifos, bifenthrin, or thiamethoxam at the different
distances.
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A

B

Figure 1.1 (A) Male monarch and (B) Female monarch. Male and female monarchs
can be differentiated by the presence of a pheromone sack on the hind wing of males,
highlighted with a circle (A), and thicker wing venation of females, indicated by the
arrows (B).
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Figure 1.2 Major metabolic pathways of chlorpyrifos (Choi et al. 2006). Metabolic
pathways performed by demethylation (I), dearylation (II), and desulfuration (III).
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Figure 1.3 Major metabolic pathways of bifenthrin (Krieger 2010). Metabolic
pathways performed by oxidation (I), hydrolysis (II), and O-methylation (III).
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Figure 1.4 Major metabolic pathways of thiamethoxam (Ford et al. 2006). Metabolic
pathways performed by nitro reduction (I), N-methyl hydroxylation (II), and Omethylene hydroxylation (III)..
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CHAPTER 2 : COMPARISON OF MONARCH CATERPILLARS (Danaus
plexippus L.) REARING ON ARTIFICIAL AND TROPICAL MILKWEED
LEAVES DIETS

ABSTRACT
Over the last two decades, the decline of the North American migratory monarch
butterfly, Danaus plexippus L., has resulted in increased research to understand the
causes of their decline and develop conservation practices. Despite the interest in
working with monarchs, a viable artificial diet has not been well-defined, leaving most
laboratory-based monarch research to utilize milkweed host plants. This lack of monarch
artificial diet limits the research opportunities that can be performed, e.g. by manipulating
diets. In this study, monarch caterpillars were reared on a diet of tropical milkweed leaves
and compared with an artificial diet to evaluate potential differences in development and
survival.. Monarchs reared on the artificial diet exhibited statistically longer development
times (+6.1 days), lower survival (-14% survival), and higher pupal weights (+241 mg).
Despite these differences, rearing monarchs on an artificial diet significantly decreases
labor and resources, provides a more standardized diet quality, and enhances the species’
accessibility for use as a surrogate species in environmental risk assessment.

Keywords: monarch butterfly, insect rearing, bioassays, caterpillars, developmental time
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1. INTRODUCTION
Populations of the North American migratory monarch, Danaus plexippus L.,
have experienced severe declines over the past three decades with the eastern and western
migratory populations exhibiting 90 and 99% decline, respectively, from their historical
averages (Center for Biological Control 2021, Crone et al. 2021). In response to this
decline, the U.S. Fisheries and Wildlife Service (USFWS) was petitioned in 2014 by a
multi-organizational group to list the monarch under the Endangered Species Act. In
2020, the USFWS decided to not list the monarch, considering their addition warranted
but precluded to focus resources on species in greater need of protection (Golden et al.
2020). Ongoing concerns about monarch butterfly population decline have prompted
increased research exploring the causes of decline in North America. The charismatic
nature, migration, and complex interactions with its host species have led to monarchs
being one of the most-studied beneficial lepidopteran species, ranging from broad
ecological to molecular studies (Guerra et al. 2012 and 2013, Alonso Mejia et al. 2017,
Markert et al. 2016, Tan et al. 2019, Agrawal et al 2021). Despite a large and expanding
body of research on monarch butterflies, accessibility, and adequate description of an
artificial diet for use in rearing and research is limited (Shephard et al. 2020 and 2022,
Pereira et al. 2010, Krishnan et al. 2021, Vickerman and Boer et al. 2002, Merlin et al.
2013 and Market et al. 2016).
Artificial diets provide several benefits, including less resource-intensive rearing
(Cohen et al. 2004), a more convenient medium to perform certain types of research such
as the ability to evaluate the effects of dietary supplements and toxins (Shephard et al.
2020 and 2021, Hellmich et al. 2001, Li et al. 2014, Sadeghi et al. 2009), and a
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standardized nutritional profile that does not fluctuate based on host-plant quality or
availability (Cohen et al. 2004). Most research and rearing of monarch caterpillars report
the use of milkweed plants (Krishnan et al. 2020 and 2021, Olaya-Arenas et al. 2020, Tan
et al. 2019, Altizer et al. 1999, Pecenka and Lundgren 2015, Wilcox et al. 2021, Pan et al.
2017, Sears et al. 2001), with few studies using an artificial diet (Shephard et al. 2020 and
2022, Pereira et al. 2010, Krishnan et al. 2021, Vickerman and Boer et al. 2002, Merlin et
al. 2013 and Market et al. 2016).
The first report of a rearing methodology of monarchs on an artificial diet was by
Glass and Pan (1982), who reported high similarities between caterpillars reared on a diet
of milkweed plants and their artificial diet. However, usage of the diet is scarce in the
literature, and poor performance of monarchs is reported when using this diet (Shephard
et al. 2020) or the performance of the monarch caterpillars on the artificial diet has gone
unreported (Pereira et al. 2010). Krishnan et al. (2021) reported using a modified
Heliothis stonefly diet powder by Ward’s Science with the addition of milkweed powder
but did not provide rearing methodologies. Multiple studies have used C.J. Taylors
(Kansas Biological Survey and Monarch Watch) artificial diet (Shephard et al. 2022,
Vickerman and Boer et al. 2002, Merlin et al. 2013 and Market at al. 2016), but do not
report life history data of monarchs reared on the diet and lack adequate descriptions of
rearing methodologies. It is essential to consider that artificial diets may cause
differences in biological parameters, such as developmental time, survival, and gene
expression (Yocum et al. 2006, Zhang et al. 2019, Lang et al. 2019), and understanding
potential differences can help make more accurate interpretations of research on field
populations of monarchs.

58
Monarch exposure to pesticides used to manage pest populations is one of the
most significant areas of concern for the decline of North American monarch populations
(Jepsen et al. 2015). Establishing a viable artificial diet for monarch rearing and in
bioassays could streamline the testing of pesticides to assess their impact on monarchs.
The ecological risk assessment of plant-incorporated protectants (PIPs), such as crops
expressing proteins from the bacterium Bacillus thuringiensis (Bt), often evaluates
monarch caterpillars (USEPA 2010a and 2010b) as most of the current PIPs target
lepidopteran pests. The ecological risk assessment of PIPs recommends the use of an
artificial diet to evaluate non-target species because purified arthropod-active protein
found in PIPs need to be dissolved in water or a buffer which cannot be used on leaf
material (Romeis et al. 2011). Despite the interest in evaluating monarchs for ecological
risk assessment of PIPs, standardized operating procedures (SOPs) on artificial diet have
not been established (Carstens et al. 2014). A standardized artificial diet for rearing
monarchs could assist in establishing SOPs for PIP risk assessment by providing
consistent rearing methodologies for use in multiple laboratories and allow for the testing
of purified arthropod active proteins. Further, establishing a viable artificial diet for
monarchs may also assist in developing monarchs as a surrogate species for pesticide
testing.
Currently, the western honey bee, Apis mellifera L., is the sole surrogate species
representing terrestrial non-target arthropods in risk assessment (USEPA 2004).
However, A. mellifera is not the most universally susceptible insect to all insecticides. A
meta-analysis demonstrated that A. mellifera was not the most susceptible insect to the
insecticide classes of carbamates, neonicotinoids, organochlorines, organophosphates,
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and pyrethroids (Hardstone and Scott 2010). Further, the diamide chlorantraniliprole is
considered to have low toxicity towards A. mellifera, but monarch butterflies appear to be
highly susceptible to it (Krishnan et al. 2020 and 2021). Among tested lepidopteran
species for their susceptibility to diamides, monarchs appear one of the most sensitive
species (Hall et al. 2021). Monarchs’ higher susceptibility towards diamides than other
lepidopterans and A. mellifera, may make them a suitable surrogate species to represent
non-target arthropods for diamides. However, for monarchs to be used in ecological risk
assessment, standardized bioassays and rearing methodologies must be developed
(Carsten et al. 2014, Li et al. 2014).
Considering that artificial diets may induce changes in biological parameters, it is
necessary to identify potential differences to establish the limitations of an artificial diet
for use in research. The present study evaluated biological parameters, including
developmental times, survival to adulthood, and pupal weights on monarch caterpillars
raised on a modified artificial diet and on tropical milkweed (Asclepias curassavica L.)
leaves. This research provides updated rearing methodologies for raising monarch
caterpillars on an artificial diet, and in-depth rearing methodologies for rearing monarchs
on milkweed leaves.

2. MATERIALS AND METHODS
2.1 Insect Rearing
All insects used were sourced from the University of Nebraska-Lincoln monarch
colony established in 2018-2019 using eggs from Iowa State University (Ames, IA). Eggs
were collected daily from tropical milkweed stems placed in adult monarch mating/flight
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cages. Eggs were counted and transferred by gently rubbing the eggs off the leaves onto a
Whatman No. 1 filter paper (GE Healthcare, U.S.), lightly soaked with a mold-inhibitor
solution (0.018 % phosphoric acid and 0.17 % propionic acid (Merck KGaA, Germany))
in a 90 mm un-vented petri dish (Thermo Fischer Scientific, Waltham, MA) and wrapped
in parafilm (Bemis Company, Inc., Neenah, WI) to keep moisture. Collected eggs were
stored at 16°C for up to 5 days. Eggs were placed in an unsealed Ziploc® bag with a
lightly moistened paper towel at room temperature (23.8 ± 2 ºC) to allow hatching, which
occurred within 2-3 days (Krueger et al. 2021).
Caterpillars were reared on Southland multispecies diet (Southland Products Inc.,
Lake Village, AR USA) with the addition of 15% (w/w) of freeze-dried tropical
milkweed (Asclepias curassavica) leaf powder as described below, at 23.8 ± 2°C, 50 ± 10
% relative humidity, and 12:12-h light: dark cycle. Fifth instar caterpillars that did not
pupate within 11 days and ceased feeding were considered dead and were frozen before
being discarded. Newly emerged adults were transferred to mating cages (0.61 m x 0.61
m x 0.91 m) 24 hours after eclosion to allow time for their wings to expand and harden.
Each adult was marked with an identification number on the back of their forewing using
a fine tip Sharpie®. Adults were held at 23 ± 2°C, 70% ± 10% relative humidity, and on a
16:8-h light: dark cycle. Adults were provided with an adult diet solution of water, 15%
sugar, 0.6% vitamin mix (MP Vitamin Diet Fortification Mixture, MP Biomedicals LLC.,
Solon, OH), vitamin C crystals 0.425% (NOW FOODS, Bloomingdale, IL), 0.25%
methylparaben, 0.25% sorbic acid (Sigma Aldrich, St. Louis, MO), 1 % pollen, and a
handful of milkweed flowers daily. For oviposition. a tropical milkweed stem was
provided and replaced daily.
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2.2 Tropical Milkweed and Milkweed Leaf Powder Preparation
The tropical milkweed seeds were sourced from Shoulder To Shoulder Farm (Philomath,
Oregon) and planted in 7.4 fl. oz. seeding trays with potting soil. Osmocote® (Scotts
Company LLC., Marysville, OH) was mixed into the potting soil to provide a slow
release of nutrients. Once plants were three to four inches tall, they were transferred into
3L pots, watered every other day, and received a weekly fertilizer treatment. Infestations
of western flower thrips (Frankliniella occidentalis Pergande) were controlled with
mechanical removal, while oleander aphids (Aphis nerii Boyer) were managed by
mechanical removal and by releasing parasitic wasps (Aphidius colemani Viereck)
(ARBICO Organics, Oro Valley, AZ). Tropical milkweed leaves collected from the
greenhouse were used for the leaf-fed caterpillars and artificial diet. Collected tropical
milkweed leaves were soaked in a 10% bleach solution for ten minutes and rinsed
thoroughly to remove bleach residues. The rinsed tropical milkweed leaves were air-dried
and stored in a growth chamber in a cylindrical container with a slightly damp filter paper
to retain humidity for leaf-fed caterpillars or frozen at -80°C for use in artificial diet.
Frozen tropical milkweed leaves were freeze-dried with a small home freeze dryer
(HarvestRight, North Salt Lake, UT) for 24 hours, ground to a powder using a Nutribullet
blender (Nutribullet LLC, Los Angeles, CA), and stored at -20°C until use.

2.3 Tropical Milkweed Assays
Individual monarch neonates were placed on a single tropical milkweed leaf in 2
fl. oz. clear portion cups (Dart Container Corporation, Mason, Michigan) (Figure 2.1 A).
At the bottom of each portion cup, a milkweed leaf stem was embedded in 8 ml of a 1%
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agar solution with .016% sorbic acid and 0.1% methylparaben (Tokyo Chemical Industry
Co., LTD. Tokyo, Japan). The agar was used to keep air moisture high, and the
antimicrobial mix was used to extend the life of the leaves and prevent bacterial and
fungal growth. Monarch caterpillars were kept in the 2 fl. oz. cups for six days or until
reaching the third instar. Individual monarch caterpillars were then transferred onto a
tropical milkweed leaf, placed in a 1.5 ml tube glued to the side of a 2 fl. oz. clear portion
cup and filled with water ¼ of the way and covered with drywall mesh before finally
being covered with 8 fl. oz. polystyrene cups (Waddington North America Inc.
Chelmsford, MA) (Figure 2.2 B). Leaves were replaced as needed to guarantee that
caterpillars always had access to fresh food. Fifth instar caterpillars were provided with
three to seven milkweed leaves, depending on the size of the leaves, twice a day. Frass
was cleaned out daily in the 8 fl. oz. cups. Cessation of feeding coincided with the
presence of red frass from fifth instar caterpillars, indicating preparation for pupation.
Fifth instar caterpillars pupated at the top of the 8 fl. oz. cups (Figure 2.1 F), and any
caterpillars that pupated on the ground were glued to the top of the cup by their cremaster
(hooks used to connect the hind of the butterfly or moth larvae to the pupation site where
they have spin silk) with a small amount of hot glue. The cups were then transferred onto
a tray with filter paper, where they emerged as adults (Figure 2.1 G. The filter paper was
used to absorb the meconium released during adult emergence and prevent the fluid from
sealing the. cup and asphyxiating the adults.
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2.4 Artificial Diet Assays
The artificial diet was prepared as described above (Krueger et al. 2021).
Individual neonates were placed on 0.5 ml of artificial diet in 128 well bioassay trays
(BAW128, Frontiers Scientific Services Agriculture, Newark, DE) and covered with
bioassay lids (BACV16, Frontiers Scientific Services Agriculture, Newark, DE). Trays
were placed upside down onto white lattice sheets (Figure 2.1. C). Caterpillars were kept
in trays for six days or until reaching the third instar, then transferred onto 2 ml of diet in
32 well trays (Frontiers Scientific Services Agriculture, Newark, DE) (Figure 2.1. D).
After six days, or when the caterpillars reached the fifth instar, they were transferred onto
8 ml of diet in an 8 fl. oz. polystyrene cup (Figure 2.1. E). Most caterpillars pupated
within eight days after being transferred into the 8 fl. oz. cup (Figure 2.1 F). Individuals
that did not pupate and/or produce red frass were provided with an additional 3 ml of
diet. Frass was removed daily in the 32 well trays and the 8 fl. oz. polystyrene cups.
Pupation and adult emergence events were processed as described in section 2.3.

2.6 Tropical Milkweed Leaf vs. Artificial Diet Comparison
Three replicates representing three different generations of monarch caterpillars were
performed with each diet. Each replicate included two cohorts (eggs laid on different
days) with 20-37 individuals per cohort for a total of 151 individuals reared on tropical
milkweed leaves and 132 individuals reared on the artificial diet. The second cohort of
the third replicate of the artificial diet-fed caterpillars was excluded from this study as
they experienced severe developmental and high mortality.
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Within 24 hours of emergence, neonates were assigned to be reared on either
tropical milkweed leaves or the artificial diet as described above. Monarch caterpillars
were monitored daily for developmental stage (i.e., five larval instars, pupae, and adult),
pupation, stage-specific mortality, and adult emergence. Mortality was recorded when
caterpillars did not move when touched and appeared discolored or failed to develop to
the next stage. Individuals that failed to pupate were recorded as experiencing mortality
at the fifth instar. Chrysalises were weighed 24 hours after successful pupation to allow
for sclerotization to occur. Pupal weights were recorded by removing pupae from the top
of each 8 fl. oz. cup, after which time pupae were reattached to the top of their cup by
their cremaster using hot glue to allow adult emergence.

2.7 Data Analysis
SAS Software Ver 9.4 (SAS, Cary, NC) was used to perform the statistical
analyses. We conducted generalized linear mixed models (GLMM) (PROC GLIMMIX)
to evaluate the effects of diet treatment on developmental time and survival for both the
overall experimental timeline as well as within each developmental stage and on pupal
weight (Stroup et al. 2018). We used Tukey’s multiplicity adjustment to control for type I
error rates when making pairwise comparisons at the ɑ = 0.05 significance level. We
examined residual plots and generalized chi-square/DF values to evaluate model fit. We
used a negative binomial distribution with a log-link function to evaluate the effect of diet
on total development time, development time by developmental stage, and pupal weight.
For the effect of diet on total survival and survival by developmental stage, we used a
binomial distribution (binary response where 1 = survived and 0 = mortality). The
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statistical model for total development time, total survival, and pupal weight included diet
treatment as a fixed effect with a fixed block effect of experiment and a random effect of
cohort within an experiment to account for variability due to cohorts. For the overall
study survival, a generalized chi-square/DF value (1.00) was used to evaluate any
overdispersion of the data due to the binary distributional assumptions. The statistical
model to evaluate the effect of diet on development time and survival by developmental
stage include diet treatment, developmental stage, and their two-way interaction as a
fixed effect with a fixed block effect of the experiment. The model accounts for cohort
variability with a random effect of cohort within experiment and treatment, and for the
repeated measures over the developmental stages on each individual by individual within
cohort and experiment. Development time and survival by development stage were
assumed to have a compound symmetry structure. Survival by developmental stage used
the generalized chi-square/DF value (0.94) to evaluate any overdispersion of the data due
to the binary distributional assumption.

3. RESULTS
3.1 Developmental Time
The total developmental time for caterpillars reared on the two diet types and at
each developmental stage is illustrated in Figures 2.2 A and B. The mean developmental
time for caterpillars reared on tropical milkweed leaves was 22.3 days (95% CI: 21.3423.29) and was significantly faster than on artificial diet at 28.4 days (95% CI: 27.1-29.8)
(p < 0.0001). Tropical milkweed-reared caterpillars had significantly shorter
developmental times than those on the artificial diet at every developmental stage
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(Figure 2.2B). First instar caterpillars took 1.9 days (95% CI: 1.7-2.1) to develop on
tropical milkweed leaves, while caterpillars on artificial diet took 2.7 days (95% CI: 2.53.0, p < 0.0001). Second instar larvae took 2.1 days (95% CI: 1.8-2.3) to develop on
tropical milkweed leaves and 2.6 days (95% CI: 2.3-2.9) on artificial diet (p = 0.0084).
Third instar monarchs took 2.1 days (95% CI: 1.9-2.4) to develop on tropical milkweed
leaves and 2.9 days (95% CI: 2.5-3.1) on artificial diet (p = 0.0005). Fourth instar
monarchs took 2.5 days (95% CI: 2.3-2.8) to develop on tropical milkweed leaves and 3.0
days (95% CI: 2.7-3.3) on artificial diet (p = 0.0305). Fifth instar caterpillars had the
most significant differences, with caterpillars on tropical milkweed taking 4.8 days (95%
CI: 4.4 -5.2) to develop and caterpillars on artificial diet taking 7.1 days (95% CI: 6.67.7) (p < 0.0001). The pupal stage of caterpillars reared on tropical milkweed lasted 9.2
days on average (95% CI: 8.6-9.9) while pupae on artificial diet spent a mean of 10.6
days (95 % CI 9.8-11.4 days) to develop (p = 0.0075).

3.2 Survival
Total survival and survival by stage for caterpillars reared on the two diets is illustrated in
Figures 2.3A and B. The total survival of monarchs reared on tropical milkweed was
significantly higher than on the artificial diet, at 69% (95% CI: 58-78%) and 55% (95%
CI: 43-66%), respectively (p = 0.0193). On average, survival at every developmental
stage was higher on tropical milkweed leaves. However, only survival during the fifth
instar was statistically significant. First instar survival on tropical milkweed and the
artificial diet was 99.32% (95% CI: 95.28- 99.99%) and 97.75% (95% CI: 93.09-99.29%)
, respectively (p = 0.2967). Second instar survival on tropical milkweed and the artificial
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diet was 95.88% (95% CI: 90.92- 98.19%) and 93.77% (95% CI: 87.62-96.97%),
respectively (p = 0.4356). Third instar survival on tropical milkweed and the artificial
diet was 96.41 % (95% CI: 91.48-98.54%) and 95.82% (95% CI: 90.06-98.31),
respectively (p = 0.8060). Fourth instar survival on tropical milkweed and the artificial
diet was 97.01% (95% CI: 92.14-98.90%) and 95.56 % (95 % CI: 89.47-98.20%),
respectively (p = 0.5505). Fifth instars reared on tropical milkweed leaves were
significantly different from artificial diet at 95.36 (95% CI: 89.80-97.96%) and 86.9
(95% CI: 78.23-92.45%), respectively (p = 0.0276). The highest percent mortality
occurred in the pupal stage for both the tropical milkweed leaf and the artificial dietreared monarchs, with 81% (95% CI:71-87%) and 73% (95% CI: 62-82%), respectively
(p = 0.2152).

3.3 Pupal Weight
The pupal weight of monarchs reared on the artificial diet and tropical milkweed leaves is
illustrated in Figure 2.4. The average pupal weight of monarchs reared on artificial diet
was 1,442 mg (95% CI: 1,387-1,497 mg) which was significantly higher than the tropical
milkweed-reared monarchs that weighed an average of 1,201 mg (95% CI: 1,153-1,249
mg) (p = 0.0193).

4. DISCUSSION
In the present study, we compared monarch caterpillars reared on a diet of tropical
milkweed leaves and the Southland multispecies diet with 15% (w/w) tropical milkweed
powder. Individuals reared on tropical milkweed leaves exhibited shorter developmental

68
times across all life stages and had a 14% greater survival rate to the adult stage than
those reared on an artificial diet (Figure 2.3). Differences in developmental time between
diets were particularly pronounced in first and fifth instar monarchs wherein caterpillars
reared on tropical milkweed leaves spent 29% and 32% less time developing,
respectively (Figure 2.2).
The extended developmental time of first instar larvae on an artificial diet may
result from a delayed initiation in consumption, resulting in extended development
(Hervet et al. 2016). A slower accumulation of required nutrients can adversely affect
insects’ growth, development, and survival (Behmer et al. 2009, Roeder et al. 2014,
Wauldbauer et al. 1984). Fifth instar monarchs have the longest developmental period
and, in our study had the most pronounced difference in development time between those
larvae reared on leaves and artificial diet (Figure 2.4). The differences in development
time of fifth instars on the two diets could reflect a compensatory feeding mechanism
often employed by herbivorous insects to deal with non-ideal nutritional composition of
their diet which can result in changes in development time (Waldbauer et al. 1984,
Roeder et al. 2014, Lee et al. 2006). The longer developmental times and decreased
survival on the artificial diet suggest that the diet might lack species-specific nutritional
levels required to support optimal growth and survival of monarch caterpillars (Behmer
2009, Cohen 2004, Lee et al. 2006, Roeder et al. 2014). In herbivorous insects, protein,
carbohydrates, lipids, sterols, fatty acids, and other macro and micronutrients are
essential for development and survival which are reflected by their host plant range
(Chapman 1998, Behmer 2009). Among those nutrients, proteins and carbohydrates are
the most important for herbivorous insects (Thompson and Redak 2005, Trumper and
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Simpson 1993), while micronutrient accumulation is less problematic as plants typically
contain lower levels of these nutrients (Behmer et al. 2009, Deans et al. 2016). A suboptimal blend of proteins and carbohydrates will result in sub-optimal growth and
development (Deans et al. 2016, Wauldbauer et al. 1984, Roeder et al. 2014). This
study’s modified Southland multispecies diet may contain a sub-optimal blend of proteins
and carbohydrates for monarchs, resulting in decreased performance on the artificial diet
compared to tropical milkweed leaves. Regardless, the successful rearing of monarchs on
artificial diet (55% and 69% survival to the adult stage on artificial diet and tropical
milkweed leaves, respectively) indicates that most of the required nutrients are present.
Except for the fifth instar, stage-specific survival among larval instars were not
significantly different, suggesting that the artificial diet may be viable for short-term
studies looking at effects within larval instars, but might not be optimal for long-term
studies evaluating multiple life stages or the entire life cycle. Due to the developmental
and survival to adulthood differences of caterpillars between artificial diet and a natural
milkweed diet, research conducting studies using artificial diet should be cautious when
drawing conclusions.
Specialist herbivores, like monarchs, require specific plant allelochemicals
associated with their host plant to stimulate feeding and proper development.
Cardenolides are secondary plant metabolites present in milkweed plants that have broadspectrum insecticidal activity (Agrawal et al. 2012, Agrawal et al. 2021). Monarchs
caterpillars have co-evolved with milkweeds (Holzinger and Wink 1996) and are able to
sequester cardenolides for defense against predation and reduction of parasite virulence
(Brower and Brower 1964, Pocius et al. 2017, Pocius et al. 2017, Gowler et al. 2015, Tao
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et al. 2015, Sternberg et al. 2012, de Roode et al. 2008, Adams et al. 2021). In addition,
cardenolides can act as a feeding stimulant for monarch caterpillars (Glass and Pan 1982,
Bernays and Chapman 1994, Agrawal et al. 2021). Increasing levels of cardenolides in a
diet result in increased consumption and growth. In a previous study using the artificial
diet described in this study, the synthetic cardenolide ouabain was incorporated into
artificial diet, ranging from 0 to 3 mg/g of diet. Fifth instar monarch caterpillars exposed
to a higher concentration of ouabain consumed more diet and showed a higher growth
rate (Krueger et al. 2021). This finding suggests that if artificial diet contains a higher
concentration of cardenolides, it may increase consumption and developmental time, and
be more comparable to the milkweed diet. However, ouabain is expensive, and using it to
supplement cardenolides for caterpillar rearing would increase costs significantly. The
most cost-effective way of providing cardenolides to caterpillars is by including more
milkweed powder in the diet mixture. However, our attempts at increasing the percentage
of milkweed in the artificial diet coincided with increase mold growth on diet.
We found that caterpillars reared on the artificial diet had 20% (+ 241 mg) higher
pupal weights on average compared to those reared on tropical milkweed leaves (Figure
2.4). These results were counterintuitive as we expected that extended larval development
time would correlate with a lower pupal weight. We found no prior studies on
lepidopterans showing increased development time coinciding with increased pupal
weight. It is possible that the monarch caterpillars reared on the artificial diet needed to
consume more diet to acquire enough nutrients required for pupal ecdysis (i.e., bioavailable sterols) (Cohen et al. 2004), resulting in higher weight gain. However, further
study is required to elucidate this potential relationship.
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Even though rearing on the artificial diet was not equivalent to rearing on
milkweed leaves, using an artificial diet can significantly reduce the time spent rearing
caterpillars, the amount of milkweed leaves required, and provided a more consistent diet
that is not entirely dependent on the quality of the milkweed plants. For example, during
the fifth instar, caterpillars reared on milkweed leaves need multiple large milkweed
leaves provided twice a day, while an adequate provisioning of artificial diet can last
through the entire fifth instar. Even though we observed a 14% lower survival to the adult
stage for caterpillars reared on the artificial diet (55% vs. 69% survival to the adult stage
on artificial diet and tropical milkweed, respectively), it is easier to raise more caterpillars
on artificial diet and results in a greater total number of adults.
Successful rearing of monarchs on milkweed plants is also highly dependent on
the quality of the plants. Milkweeds grown in greenhouses are frequently infested with
thrips and aphids (Krishnan et al. 2020, Lavoie and Oberhauser 2004). Thrips and aphids
decrease the quality of leaves (Kroes et al. 2015) and can reduce the performance of
caterpillars feeding on pest-infested plants. However, there is also evidence that
milkweed damage from oleander aphid (A. nerii) results in an increased growth rate of
monarchs, suggesting that altering defenses toward aphids decreases the milkweed
plant’s defenses toward monarchs (Ali and Agrawal 2014). No research is available on
the interaction and effect of damage from oleander aphid, western flower thrips, and
monarch caterpillars. The artificial diet provides consistent nutrition and can buffer the
effects of lower quality plant material. Another advantage of the artificial diet is that
milkweed powder can be stored long-term, supplementing, and buffering any issues with
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leaf production, which is especially important during the winter months when milkweed
production in the greenhouse can significantly decline.
A standardized artificial diet for rearing monarchs allows for more controlled
conditions in which to perform certain types of bioassays, such as incorporating toxins
into the diet or manipulating nutritional components that are either difficult or impossible
to do with leaf diets (Cohen et al. 2004, Sheapder et al. 2020 and 2021, Hellmlich et al.
2001, Li et al. 2014, Sadeghi et al. 2009, Romeis et al. 2011). Further, improved
accessibility to monarchs for established SOPs may help ecological risk assessment
studies for PIPs (Carstens et al. 2014, Romeis et al. 2013), early non-target testing of new
insecticides modes of action, and aid in the potential development of monarchs as a
surrogate lepidopteran species for pesticide testing.
This study provides updated rearing methodologies for rearing monarchs on
artificial diets and a comparison to rearing on milkweed leaves. Further optimization of
the artificial diet shared in this study, such as increased milkweed powder percentages or
adjustment of nutrients, may help significantly improve monarch caterpillars’
performance on artificial diet. Research examining the susceptibility of toxins to
monarchs on an artificial diet vs. milkweed leaves is necessary to determine the potential
confounding effects of an artificial diet on monarch caterpillars’ susceptibility to toxins.
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Figure 2.1 Set-up for rearing monarch caterpillars on tropical milkweed leaves and
artificial diet. A. 2 oz. portion cup for first through second instar rearing on leaf diet; B.
8 oz. polystyrene cup setup for third through fifth instar on leaf diet; C. 128 well tray for
first through second instar on artificial diet; D. 32 well trey setup for third through fourth
instars on artificial diet; E. 8 oz. cup for fifth instar monarchs on artificial diet; F.
pupation in 8 oz. cup; G. adult emergence in 8 oz. cup; and H. adult flight/mating cages.
Artificial diet prepared using Southland multispecies diet with 15% (w/w) of dry diet
powder with freeze-dried tropical milkweed powder.
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Figure 2.2 Total development time by stage of monarch caterpillars (A) and total
development time across all life stages (B) reared on tropical milkweed leaves (blue
bars) and the artificial diet (yellow bars). There were three reps per treatment with two
cohorts per rep with 20-37 individuals per cohort for a total of 151 and 133 individual
monarchs on tropical milkweed leaves and the artificial diet, respectively (excluding the
second cohort of the third rep of artificial diet). Vertical bars represent the mean ±
standard error and asterisks (*) and double asterisks (**) indicate significant differences
between diet types at p < 0.05 and p < 0.0001, respectively.
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Figure 2.3 Percent survival of monarchs by development stage (A) and survival
across all stages to the adult stage (B) reared on tropical milkweed leaves (blue bars)
and the artificial diet (yellow bars). There were three reps per treatment with two
cohorts per rep with 20-37 individuals per cohort for a total of 151 and 133 individual
monarchs on tropical milkweed leaves and the artificial diet, respectively (excluding the
second cohort of the third rep of artificial diet). Vertical bars represent the mean ±
standard error and asterisks (*) indicate significant differences between diet types (Pvalue < 0.05).
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Figure 2.4 Pupal weight 24 hours after successful pupation. Caterpillars were reared on
tropical milkweed leaves (blue bars) or artificial diet (yellow bars). There were three reps
per treatment with two cohorts per rep with 20-37 individuals per cohort for a total of 151
and 133 individual monarchs on tropical milkweed leaves and the artificial diet,
respectively (excluding the second cohort of the third rep of artificial diet). Vertical bars
represent the mean ± standard error and asterisks (*) indicate significant differences
between diet types (P-value < 0.05).
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CHAPTER 3 : IMPACT OF PROPICONAZOLE ON INSECTICIDE TOXICITY
ON MONARCH CATERPILLAR SURVIVAL

ABSTRACT
The North American migratory monarch butterfly populations have seen a ca.
90% decline since population monitoring effort began in the mid-1990s. The loss of
milkweed habitat in the Midwestern United States is considered one of the major drivers
of this population decline. Establishing new milkweed habitat in agricultural areas is
critical to support a stable migratory monarch population. However, milkweed plants
near agricultural fields may contain pesticides which could result in exposure of
monarchs to multiple pesticides. Propiconazole is a commonly used fungicide belonging
to the fsterol biosynthesis inhibitors (SBI) class and has been shown to have synergistic
interactions with insecticides in bee species. In this study, we evaluated the effect of
propiconazole on the toxicity of the insecticides chlorpyrifos, bifenthrin, and
thiamethoxam at modeled field-realistic concentrations at 0, 5, and 10 m away from field
edges using the AgDRIFT ground and aerial application residue modeling program. We
orally exposed third instar monarchs for 96 hours to individual insecticides and
insecticide-propiconazole combinations and then transferred them onto untreated diet
before following them to the adult stage. Exposure to propiconazole with chlorpyrifos or
thiamethoxam increased survival to the adult stage over individual insecticide exposures
and with bifenthrin caused no change in insecticide toxicity. Although only antagonistic
interactions were observed, the results of this study indicate that propiconazole can alter
insecticide toxicity.
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1. INTRODUCTION
The North American migratory monarch butterfly populations have experienced severe
decline since the mid-1990s, with the eastern and western migratory monarch populations
declining ca. 90% and 99%, respectively, from their historical average (Center for
Biological Control 2021, Crone et al. 2021). One of the leading causes of decline is the
loss of breeding habitat (Flockhart et al. 2013, Flockhart et al. 2017, Thogmartin et al.
2017). The Midwestern United States is the most important breeding ground for the
eastern migratory monarch population (Thogmartin et al. 2017, Flockhart et al. 2017),
and since the introduction of glyphosate-resistant crops, milkweed habitat within fields
has entirely disappeared. Remaining milkweed habitat is primarily confined to the
borders of agricultural fields (Flockhart et al. 2017). Since 1999, an estimated 54% of
milkweed habitat has been lost in the Midwest (Flockhart et al. 2017). Thogmartin et al.
(2017) estimated an additional 1.3 to 1.7 billion stems of milkweed plants are needed in
the Midwestern United States to provide a stable overwintering population in central
Mexico that is not at a high chance of extinction. However, a large amount of milkweed
habitat would need to be established near agricultural fields (Thogmartin et al. 2017).
Previous studies have shown that foliar applications of pesticides have negative impacts
on butterfly abundance along field borders of treated fields (Cilgi and Jepson 1995,
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Longley et al. 1997, Rundlöf et al. 2008), raising concerns about pesticide exposure
causing adverse impacts on monarchs (Jepsen et al. 2015).
In recent years there has been a growing body of literature examining the effects
of individual insecticide exposures on monarch butterflies with most studies focusing on
caterpillars (Pecenka and Lundgren 2015, Krueger et al. 2021a and 2021b, Olaya-Arenas
et al. 2020, Krishnan et al. 2020, and 2021, Krischik et al. 2015, Knight et al. 2021,
Mullins et al. 2021, Wilcox et al. 2021, Oberhauser 2006 and 2009). However, little is
known about the impact of exposure to multiple pesticides (Olaya-Arenas et al. 2020),
even though research indicates that monarch caterpillars feeding on milkweed are likely
to be exposed to multiple pesticide residues. Olaya-Arenas et al. (2019) sampled
milkweed plants surrounding corn and soybean systems for pesticide residues in northwestern Indiana in 2015 and 2016. In 2016 they found few insecticide residues on
milkweed plants, but in 2015 they found that 75.4% of plants contained the neonicotinoid
thiamethoxam and 98.9% of plants contained the pyrethroid deltamethrin (Olaya-Arenas
et al. 2019). In 2015 and 2016 of the study, 79.7 and 86.6% of plants had residues of the
herbicide atrazine, respectively. Fungicides were the most frequently detected pesticides
in the study, with the fungicides azoxystrobin, pyraclostrobin, and propiconazole being
commonly detected in both years (Olaya-Arenas et al. 2019). A 2020 study looking at
pesticide residues in milkweed plants surrounding urban, agricultural, and open areas in
northern California found an average of nine different pesticide residues occurring per
milkweed plant (Halsch et al. 2020). There were 64 pesticides detected in the study
including 25 insecticides, 27 fungicides, and 11 herbicides. With the high likelihood of
monarch caterpillars being exposed to multiple pesticides, the impact of multiple
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pesticide exposures must be considered when assessing the risk of pesticides to monarchs
in agricultural systems.
The fungicide class of sterol biosynthesis inhibitors (SBI), also known as
demethylation inhibitors (DMI), is a widely used class of fungicides that have been
shown to have synergistic interactions on mortality (i.e., increased mortality) with
insecticides in multiple bee species and the crustacean Daphnia magma. The SBI
fungicide prochloraz, has been shown to synergize with the pyrethroid tau-fluvalinate and
organophosphate coumaphos in A. mellifera (Johnson et al. 2013). The SBI fungicide
propiconazole displayed strong synergistic interactions with the diamide
chlorantraniliprole (Wade et al. 2019), the neonicotinoid thiacloprid in Apis mellifera
adults (Iwasa et al. 2004), the neonicotinoid clothianidin in Bombus terrestris (Robinson
et al. 2017), and with the pyrethroid α-cypermethrin in D. magma (Kretchnan et al.
2015). The observed synergistic interactions of SBI fungicides with insecticides are likely
due to the inhibition of cytochrome P450s, key detoxification enzymes in organisms
(Iwasa et al. 2004, Sun et al. 2004, Han et al. 2019). In addition to inhibition of P450s,
propiconazole has also been found to induce cytochrome P450s activity. In a study with
the fathead minnow Pimphales promeals Rafinesque. Propiconazole synergized with the
organophosphate parathion, an insecticide that needs to be activated by cytochrome
P450s, by increasing parathion metabolism to its toxic metabolite, paraoxon, resulting in
higher mortality in P. promeals (Levine et al. 1999). .
Propiconazole is one of the most used SBI fungicides in midwestern agriculture.
In 2018, it was the most used fungicide on soybean fields in Nebraska, being applied to
11% of soybean fields (USGS 2020). Data for propiconazole use on Nebraska corn
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acreage is unavailable (USGS 2020), but, it is also commonly used on cornfields (David
City Co-op personal communication). Foliar SBI sprays in soybean fields commonly
occur around the R3 stage and in corn during the VT stage, which generally occurs
around mid-July in Nebraska (Wise et al. 2019, Giesler and Miller 2017). Olaya-Arenas
et al. (2019) found that 34% and 98.3% of milkweed plants in NW Indiana sampled in
2015 and 2016, respectively, contained propiconazole residues. Monarch presence in
Nebraska ranges from June to August/September (NGBC 2017) and overlaps with
propiconazole usage, suggesting that monarchs may be exposed to propiconazole while in
Nebraska.
Organophosphates, pyrethroids, and neonicotinoids are among the most widely
used insecticides in midwestern corn and soybean systems, hence they were selected to
be evaluated in this study. In 2017 the organophosphate insecticide chlorpyrifos was the
most used insecticide in Nebraska (USGS 2020). However, the use of chlorpyrifos on
animal feed and human food products was banned in 2022, so it will no longer be able to
be used in Nebraska corn and soybean fields (USEPA 2021). In Nebraska, chlorpyrifos
was primarily used as a soil insecticide to manage western corn rootworm (Diabrotica
virgifera virgifera LeConte) in furrow for larvae in early to late June (Solomon et al.
2001), and as a foliar insecticide for adults in late July to mid-August (Dang et al. 2021).
Chlorpyrifos was also used to manage western bean cutworm (Striacosta albicosta
(Smith)) in corn and soybean systems (Meinke et al. 2021).
Bifenthrin is a pyrethroid insecticide commonly used to manage pest species on
corn and soybeans. In 2018 approximately 11% of corn and soybean fields received a
foliar application of bifenthrin (USDA 2020). Pyrethroids such as bifenthrin have high
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acute toxicity making them popular for the management of several pest species
throughout the growing season. Bifenthrin is often used to manage S. albicosta in both
corn and soybean systems (Montezano et al. 2018), D. v. virgifera adults in corn fields
during late July to early August, two-spotted spider mite Tetranychus urticae Koch, and
banks grass mite Oligonychus pratensis (Banks) (Meinke et al. 2021). Bifenthrin and
other pyrethroids are also used in soybeans to manage soybean aphid (Aphis glycines
Matsumura) in mid-July and mid-September (Nail et al. 2015) and Mythima unipuncta
Haworth caterpillars in mid-May to late-June (Dunbar et al. 2016).
Lastly, neonicotinoid seed treatments, such as thiamethoxam, are estimated to be
used on almost all corn acres and most soybean acres throughout the United States
(Douglas and Tooker 2015). Thiamethoxam is also registered as a foliar insecticide used
in several formulated products, however, its usage is not as prevalent as in seed
treatments. Foliar applications of thiamethoxam can be used to manage soybean aphid (A.
glycines from the mid to late growing season (Ribeiro 2018). Neonicotinoids as seed
treatments have a half-life in soil ranging from 65 to 107 days, depending on soil
characteristics (Li et al. 2018).
Monarch caterpillars will likely be exposed to multiple pesticides during their
development around agricultural fields (Figure 3.1). Therefore, this study evaluated the
adverse impacts of multiple pesticide exposures under field-realistic exposure (via
modeled point deposition of pesticide drift using the AgDRIFT modeling program) using
the fungicide propiconazole with insecticides chlorpyrifos, bifenthrin, and thiamethoxam.
Early instar monarchs are less likely to run into pesticide exposures as they tend to
surface feed on the underside of the leaves, where pesticide residues from application
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drift will most likely not occur (Zalucki et al. 2001). In contrast, later instar monarchs
will more likely be exposed to pesticide residues because they feed on the entire leaf. As
such, third instar monarchs were used in this study due to their likelihood of feeding on
pesticide residues on milkweed plants from foliar-applied pesticides. Long-term effects
of pesticide exposure have been shown to have adverse effects on the survival and
development of monarch caterpillars (Krishan et al. 2021) thus this study carried out an
initial 96-hour oral exposure, and then those surviving the exposure were transferred onto
an untreated diet to evaluate their ability to recover from an insecticide exposure and
fully develop to the adult stage. Exploring the interactions between the commonly used
pesticides in Nebraska agriculture on monarchs will elucidate the potential impacts
monarch caterpillars face when feeding on milkweed in proximity to agricultural fields.

2. MATERIALS AND METHODS
2.1 Insects
Third instar monarchs used in this experiment were obtained from the University of
Nebraska-Lincoln monarch butterfly colony established in 2018. Monarch colony rearing
methods are described in Krueger et al. (2021b) and Chapter 2 of this thesis. All monarch
rearing and experiments were performed using the Southland multi-species diet
(Southland Products Inc. Lake Village, AR) modified by replacing 15% (w/w) of the diet
with freeze-dried tropical milkweed (Asclepias curassavica L.) powder as described by
Krueger et al. (2021b).
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2.3 Chemicals
Chlorpyrifos (CAS# 2921-88-2 98.6% purity), bifenthrin (CAS# 82657-04-3
96.7% purity), thiamethoxam (CAS # 143719-23-4 99.5% purity), and propiconazole
(60207-90-1 99.3% purity) were purchased from Chem Service Inc. (Chester, PA, USA).
Acetone was purchased from Sigma-Aldrich (Burling, MA, USA).

2.4 AgDRIFT Ground Spray Drift Assessment
Pesticide deposition for propiconazole, chlorpyrifos, bifenthrin, and
thiamethoxam were modeled using representative formulations with the AgDRIFT Tier 1
aerial and ground spray drift assessment (AgDRIFT ver. 2.1.1, U.S. Environmental
Protection Agency 2016) in mg/cm2 at distances 0, 5, and 10 m away from the edge of a
field. The estimated deposition was based on high spray label rates for soybean fields for
the pesticide products Tilt (propiconazole, 0.17 lb a.i./ac), Lorsban-4E (chlorpyrifos 1 lb
a.i./ac), Brigade 2EC (bifenthrin 0.1 lb a.i./ac), and Endigo (thiamethoxam 0.041 lb
a.i./ac). The Tier 1 ground application deposition model used ASAE (American Society
of Agricultural Engineers) fine to medium-coarse droplet size (Krueger et al. 2021). The
distances were chosen to represent deposition on milkweeds found in agricultural ditches
and margins (Pleasants and Oberhauser 2013, Pleasants 2017). The concentrations of the
active ingredient (ai) in μg/ml of diet were estimated by multiplying the leaf area to
weight (53.54 cm2/g) (Krishan et al. 2020) by the estimated deposition in μg of ai/cm2
and then converting to μg/ml of artificial diet based on a density of artificial diet of 1
g/ml. This estimation assumes that third instar monarchs consume a similar weight of
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leaves and artificial diet. The resulting concentrations from the AgDRIFT model in μg of
ai/ml of diet are shown in Table 3.1.

2.5 Pesticide Exposures
Synchronized third instar monarchs that molted within 24 hours were orally
exposed to the different treatments outlined in Table 3.2 for 96 hours via incorporation in
their artificial diet. Stock solutions of propiconazole, chlorpyrifos, bifenthrin, and
thiamethoxam were prepared in acetone and mixed with the artificial diet. For individual
propiconazole exposures, we only used the 0 m rate because preliminary work indicated
that propiconazole has low toxicity to monarchs and at high concentrations no mortality
was observed. For each pesticide treatment, 100 ml of artificial diet was prepared as
described in Krueger et al. (2021) and allowed to cool to 60°C. Once cooled, individual
treatments were prepared by mixing 25 ml aliquots of artificial diet and acetone-pesticide
solutions in a 50 ml PRO Cent Tube (Tyco Healthcare Group LP, Mansfield, MA) using
a vortex (A. Daigger & Co., Inc., Vernon Hills, IL) on high for 10 seconds to ensure the
contents were thoroughly mixed. The treated artificial diet was dispensed with a 30 ml
single-use syringe (BD Bioscience, San Jose, CA), and 2 ml was placed into each 1 oz.
condiment cup (Dart, Mason, MI).
An individual third instar caterpillar was randomly assigned to each 1 oz. portion
cup with a total of 9-10 individuals per treatment and three replications for a total of 2930 caterpillars per treatment, except for chlorpyrifos and bifenthrin at 0 m and
chlorpyrifos-propiconazole and bifenthrin-propiconazole at 0 m which only had two
replications (20 caterpillars) due to difficulties in achieving the needed number of
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synchronized third instars. Each replication was performed using different generations of
monarchs. After 96 hours of exposure, surviving monarchs were transferred onto 3 ml of
untreated artificial diet in 2 oz. cups (Dart, Mason, MI). After the diet was consumed or
six days later, caterpillars were transferred onto 6 ml of diet in 8 oz. polystyrene cups
(Waddington North America Inc. Chelmsford, MA), where they pupated and emerged as
adults. If the diet appeared to dry out at any point after the 96-hour exposure, it was
replaced with new diet. Caterpillars were monitored daily for mortality during the 96hour exposure period and, after that, every three days until adult emergence. On day 25 of
the experiment, individuals remaining in the fourth or fifth instar were considered
functionally dead. Based on our rearing experience, individuals who do not pupate by the
time adults begin to emerge will never pupate and eventually die.

2.6 Statistical Analysis
Data were analyzed in R using RStudio (version 9.4) (RStudio Team 2020). We
used Kaplan-Meier survival analysis to evaluate the effect of treatments on caterpillar
survival. Since Kaplan-Meier analysis cannot perform multivariate analysis, we
considered the propiconazole-insecticide combinations as a single factor. The KaplanMeier survival analysis was chosen over Cox’s proportional hazard regression, which can
handle multivariate analysis, because our data violated the proportional hazard
assumption of Cox’s regression (Cox 1972). Pairwise comparisons among treatments
were performed using a pairwise log-rank test and adjusted by false discovery rate
adjustment (fdr) (Benjamini and Hochberg 1995). This analysis used the packages
“survival” (Therneau 2022) and “survminer” (Kassambara et al. 2021).

96

3. RESULTS
3.1 Chlorpyrifos and Propiconazole Exposure Survival
Total survival to the adult stage for propiconazole and chlorpyrifos exposures is
shown in Table 3.3. The Kaplan-Meier survival analysis and pairwise comparisons using
the log-rank test for chlorpyrifos and propiconazole exposures are presented in Figure
3.2 and Table 3.4, respectively. The acetone treatment had the highest survival rate and
was significantly different from all treatments (p < 0.05) except for propiconazole at the 0
m rate (p = 0.17). The no-treatment control and propiconazole at the 0 m rate were not
significantly different from each other (p = 0.22) but were significantly different from all
the insecticide and propiconazole-insecticide treatments (p < 0.05). The 0 m chlorpyrifos
rate and chlorpyrifos with propiconazole at the 0 m rate were not compared to the other
treatments due to no variation in response (100% mortality at 24 hours). The survival
rates of individual chlorpyrifos exposures at 5 m and 10 m were significantly different (p
< 0.0001). Combined exposure to propiconazole with chlorpyrifos at the 5 m and
chlorpyrifos individually at the 5 m rate had significantly different survival rates (p =
0.03). The combined exposure of propiconazole with chlorpyrifos at the 10 m rate and
chlorpyrifos individually at the 10 m rate did not have significantly different survival
rates (p = 0.07), but indicates that an antagonistic interaction between propiconazole and
chlorpyrifos at the 10 m rate may have occurred.
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3.2 Bifenthrin and Propiconazole Exposure Survival
Total survival to the adult stage for propiconazole and bifenthrin exposures is
shown in Table 3.3. The Kaplan-Meier survival analysis and pairwise comparisons using
the log-rank test for bifenthrin and propiconazole exposures are presented in Figure 3.3
and Table 3.5, respectively. The acetone treatment, no-treatment control, and
propiconazole at the 0 m rate had significantly higher survival rates than all insecticide
and propiconazole-insecticide treatments (p < 0.05). However, propiconazole had a
significantly lower survival rate than the acetone control (p = 0.03) but not the notreatment control (p = 0.12). Individual bifenthrin exposures at the 0, 5, and 10 m rates
resulted in total survival of 0%, 0%, and 7%, respectively. However, survival rates
between bifenthrin at the 5 and 10 m rate were not significantly different (p = 0.31), but
significantly higher survival rates than bifenthrin at the 0 m rate (p = 0.0001). The
propiconazole with bifenthrin treatment at the 0 m rate could not be analyzed due to no
variation in response (100% mortality in 24 hours). All combinations of propiconazole
with bifenthrin resulted in 0% total survival. There was no difference between the
survival rates of individual bifenthrin exposures at the 5 and 10 m rates and combined
exposure with propiconazole at the 5 and 10 m rates (p = 0.78 and p = 0.62, respectively).
Results indicate no interaction between propiconazole and bifenthrin.

3.3 Thiamethoxan and Propiconazole Exposure Survival
Total survival to the adult stage for propiconazole and chlorpyrifos exposures is
shown in Table 3.3. The Kaplan-Meier survival analysis and pairwise comparisons using
the log-rank test for individual thiamethoxam and propiconazole with thiamethoxam
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exposures are presented in Figure 3.4 and Table 3.6, respectively. The acetone control,
no-treatment control, and propiconazole at the 0 m were not significantly different from
any of the treatments except for thiamethoxam at the 0 m rate (p = 0.0007) and
propiconazole with thiamethoxam at the 5 m rate (p = 0.033). The survival rates between
thiamethoxam at the 5 and 10 m rate were not significantly different (p = 0.86) but
differed from thiamethoxam at the 0 m rate (p = 0.06 and 0.03, respectively). Individual
thiamethoxam and propiconazole with thiamethoxam treatments did not have
significantly different survival rates, however, propiconazole with thiamethoxam at the 0
m rate was close to having a significantly higher survival rate than individual
thiamethoxam at the 0 m rate (p = 0.08), indicating that an antagonistic interaction
between propiconazole and thiamethoxam may have occurred.

4. DISCUSSION
In the Midwestern United States, most milkweed habitat occurs among
agroecosystems. Recent studies have shown milkweed plants around agricultural fields
often have multiple pesticide residues (Olaya-Arenas et al. 2019, Halch et al. 2020). The
impact of multiple pesticide exposures on monarch butterflies has only been studied by
Olaya-Arenas et al. (2020). The pesticide combinations they used, including the
fungicides azoxystrobin, pyraclostrobin, and trifloxystrobin, did not have any significant
effect on survival, development, or adult performance over individual pesticide
exposures. In the current study, we found that the SBI fungicide propiconazole
antagonized the organophosphate insecticide chlorpyrifos and the neonicotinoid
insecticide thiamethoxam resulting in higher survival rates of monarch caterpillars over
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individual chlorpyrifos and thiamethoxam exposures while no effects on mortality were
observed from propiconazole and bifenthrin exposures compared to individual bifenthrin
exposures.
Both chlorpyrifos and thiamethoxam are pro-insecticides that become more toxic
with higher binding affinities to their target site when metabolized by P450s into
chlorpyrifos-oxon and clothianidin, respectively (Chapter 1: Figure 1.2 and 1.4, Choi et
al. 2006, Ford et al. 2006, Nauen et al. 2003). The reduction in toxicity of chlorpyrifos
and thiamethoxam when co-exposed with propiconazole indicates that inhibition of
cytochrome P450s by propiconazole could be occurring and decreasing the metabolism
of chlorpyrifos and thiamethoxam into their toxic metabolites. Alternatively, there is
evidence that SBI fungicides induce cytochrome P450s (Levine et al. 1999), and
induction of cytochrome P450s responsible for other metabolic pathways of chlorpyrifos
and thiamethoxam could increase the metabolism into less-toxic metabolites (Chapter 1:
Figure 1.2 and 1.4, Choi et al. 2006, Ford et al. 2006, Nauen et al. 2003).
The interaction between propiconazole and thiamethoxam has been studied in A.
mellifera and showed only limited synergism (up to two-fold) over a 96-hour study
period (Thompson et al. 2014). In honey bees, a 100-fold increase in toxicity was
observed from interactions between the SBI fungicide prochloraz and the
organophosphate insecticide coumaphos over individual coumaphos exposures (Johnson
et al. 2013). The difference between our results and those conducted on A. mellifera
(Johnson et al. 2013) could be due to differences in cytochrome P450s between species or
induction of cytochrome P450s by SBI fungicides responsible for metabolism into lesstoxic metabolites. Furthermore, interactions between the SBI fungicide prochloraz and
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the organophosphate insecticide coumaphos could be different from the SBI fungicide
propiconazole and the organophosphate insecticide chlorpyrifos used in the present study.
The neonicotinoids thiacloprid and imidacloprid have been found to have synergistic
interactions with propiconazole in A. mellifera (Iwasa et al. 2004). However, unlike these
neonicotinoids, thiamethoxam is a pro-insecticide and requires metabolism by
cytochrome P450s, which propiconazole could inhibit (Manjon et al. 2019). There is
limited literature examining the interactions between other classes of fungicides and
insecticides. Further studies measuring degradation products and enzyme activity in
response to SBI fungicides and insecticides in monarch caterpillars are needed to
determine whether the results in this study were caused by inhibition or induction of
cytochrome P450s.
The antagonistic interaction on mortality observed between propiconazole and
chlorpyrifos or thiamethoxam could also have implications for pest management in
United States midwest agricultural systems. Application of propiconazole on corn and
soybean fields in mid-July (Wise et al. 2019, Giesler and Miller 2017) may overlap with
application of insecticides used to manage pest species (Meinke et al. 2021, Nail et al.
2015, Dunbar et al. 2016). Applications of propiconazole can be tank mixed with
insecticides during applications (David City Co-op personal communication). Depending
on the tank-mixed insecticides’ mode(s) of action and metabolic pathway(s) in the pest
species, propiconazole could lead to decreased efficacy in managing pest species.
Antagonistic interactions between fungicides and insecticides are rare in the literature,
but in A mellifera co-exposure to thiamethoxam and the fungicide mefenoxam resulted in
slight antagonistic interactions (Camargo et al. 2016). Since both fungicides and
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insecticides are commonly tank-mixed together, further research is needed to determine if
there is a risk of decreased efficacy of insecticides in combination with SBI fungicides or
other classes of fungicides.
Propiconazole did not appear to interact with bifenthrin in this study. However, in
previous research propiconazole synergized with the pyrethroids tau-fluvalinate and αcypermethrin in A. mellifera (Johnson et al. 2013), and the water flea, Daphnia magma
(Kretchnan et al. 2015), respectively. Bifenthrin's primary metabolic pathway is via
esterase-mediated hydrolyzation of ester linkages and cytochrome P450 mediated
oxidation of its aromatic rings (Chapter 1, Figure 1.3) (Bradberry et al., 2005, Johnson
et al., 2010). Cytochrome P450s can vary greatly among different species and different
cytochrome P450s can have different insecticide specificity (Feyereisen et al. 2011). It is
possible that monarch cytochrome P450s may have low specificity towards bifenthrin or
the cytochrome P450 responsible for bifenthrin metabolism has low specificity toward
propiconazole. Additionally, bifenthrin is a type I pyrethroid, and the aforementioned
studies used type II pyrethroids (i.e., tau-fluvalinate and α-cypermethrin) (Johnson et al.
2013 and Kretchnan et al. 2015), thus it is possible that propiconazole may still interact
with type II pyrethroids in monarchs.
Individual exposure to the three insecticides tested showed apparent challenges in
the development to the adult stage after surviving an initial 96-hour insecticide exposure.
Krueger et al. (2021b) reported reduced growth and diet consumption of monarchs
topically exposed to bifenthrin. While we did not measure growth or diet consumption in
this study, visual observations during the experiment showed a noticeable reduction in
monarch caterpillars’ size and diet consumption in bifenthrin- and chlorpyrifos-exposed
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caterpillars, similar to the reduction in growth and diet consumption shown in topical
bifenthrin exposure reported by Kruger et al. (2021b). Reduced diet consumption and
growth can negatively affect pupation success and development (Rhainds et al. 1999),
which could explain why many individuals in the pesticide-treated treatments were
unable to develop and remained in later larval instars. Inhibited development in this study
could be compounded by the increased development time of the monarch caterpillars
reared on the artificial diet over a milkweed leaf diet (22.3 vs. 28.4 days on tropical
milkweed leaves and artificial diet, respectively) (Chapter 2). This study suggests that
survival of monarchs after short-term, acute insecticide exposures might not represent
long-term survival.
Interestingly the solvent control of acetone consistently had the highest survival
throughout the experiment (63.3-86.6% total survival, Figure 3.3). A solvent control is
included in pesticide toxicity assays to ensure that the solvent does not cause significant
mortality compared to the no-treatment negative control. Acetone is generally used as a
solvent for bioassays with pesticides and is considered to have very low toxicity
compared to other organic solvents. Increased survival from exposure to acetone could be
occurring due to a phenomenon known as hormesis, which is when a low level of
exposure to a compound result in a beneficial phenotypic response (Cutler 2012).
Hormesis appears to be a very broad response across insect orders and has been reported
in several insect pests when exposed to low levels of different classes of insecticides,
resulting in growth stimulation, reduced development time, increased longevity,
increased fecundity, increased weight, decreased pupal mortality, and other beneficial
responses (Cutler 2012, Cohen et al. 2006, Luckey 1968, Nerbauer et al., 1983, Ortiz-
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Urquiza et al. 2010). It does not appear that increased survival from acetone often occurs,
as we found no literature describing this effect.
In summary, most milkweed habitat in the Midwestern United States occurs in
agroecosystems. The fungicide propiconazole has been commonly detected in milkweed
plants around corn and soybean elsewhere in the Corn Belt (Olaya-Arenas et al. 2019)
and is one of the most used fungicides in Nebraska corn and soybean systems (USGS
2020). Previous research indicates that propiconazole can inhibit insect’s cytochrome
P450s (Iwasa et al. 2004, Han et al. 2019) and cause synergistic interactions with
insecticides (Johnson et al. 2013, Wade et al. 2019, Thompson et al. 2014, Manjon et al.
2019, Kretchan et al. 2015, Robinson et al. 2017, Levine et al. 1999). While only
antagonistic interactions were observed between propiconazole and the insecticides in
this study, it demonstrates that multiple pesticide exposures can alter insecticide toxicity
in monarchs. Interactions of SBI fungicides with other non-pro-insecticides needs to be
evaluated as synergistic interactions on mortality may occur. Co-occurrence of SBI
fungicides with pro-insecticides metabolized by cytochrome P450s into their toxic
metabolites may also have implications for insect pest management due to potential
antagonistic interactions. Our research indicates that early caterpillar exposure to
pesticides can impact monarchs’ long-term survival and ability to develop to adulthood,
as also seen in Krishnan et al. (2021) and Krueger et al. (2021b). The reduced long-term
survival from short-term pesticide exposure underpins the importance of long-term
studies when assessing the risk of pesticides to non-target arthropods.
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Table 3.1 AgDRIFT Modeled concentrations of pesticide active ingredients in μg of
a.i./ ml of artificial diet at 0, 5, and 10 m from treated field edges.
Representative
Formulation
Formulation
Name

High
Label
Rate
(1 lb
ai/ac)

Tilt

0.17

Lorsban-4E

Pesticide
Active
Ingredient
(ai)

Pesticide ai modeled
concentration (μg ai/ml artificial
diet)
0m

5m

10 m

Propiconazole

101.7

3.21

1.77

1

Chlorpyrifos

434.6

15.4

0.285

Brigade

0.1

Bifenthrin

42.3

1.4

0.77

Endigo

0.041

Thiamethoxam

15.38

0.52

0.29

Propiconazole

-

✓

-

10m

-

-

-

✓

-

5m

✓

-

-

✓

✓

0m

✓

✓

✓

None

-

✓

-

✓

✓

-

-

✓

-

-

✓

✓

-

✓

-

✓

✓

-

-

✓

Chlorpyrifos
Bifenthrin
Thiamethoxam
0m 5m 10m 0m 5m 10m 0m 5m 10m

Propiconazole
(0m)

NoTreatment
Acetone

Controls

✓

✓

✓

and in combinationation with propiconazole at the same distance only (i.e. chlorpyrifos at 0 m with propiconazole at 0m).

Table 3.2 Treatments used in the experiment where ✓ indicates treatment. Insecticide treatment occurred individually at all rates
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Table 3.3 Survival (%) of monarch caterpillars from larvae to the adult stage
exposed to individual insecticides, controls, and binary exposures to propiconazole
and insecticide. The distance at 0, 5, an 10 m represents the modeled concentration in
AgDRIFT. Each treatment had n = 29-30 except for chlorpyrifos and bifenthrin at the 0

Propiconazole

Propiconazole

Propiconazole

m, and chlorpyrifos and bifenthrin with propiconazole at the 0 m which had n = 20.

None

Chlorpyrifos
0m
5m
10m
0.0%
0.0%
21.9%

0m

0.0%

-

-

5m

-

11.7%

-

10m

-

-

25.8%

None

Bifenthrin
0m
5m
10m
0.0%
0.0%
6.7%

0m

0.0%

-

-

5m

-

0.0%

-

10m

-

-

0.0%

None

Thiamethoxam
0m
5m
10m
30.0% 63.0% 66.7%

0m

63.3%

-

-

5m

-

50.0%

-

10m

-

-

70.0%

Controls
No-Treatment

55.60%

Acetone

85.90%

Propiconazole (0m)

63.3%

Controls
No-Treatment

53%

Acetone

63%

Propiconazole (0m)

33%

Controls
No-Treatment

62%

Acetone

89%

Propiconazole (0m)

63%
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Table 3.4 Pairwise comparisons between chlorpyriphos treatments using the logrank test and adjusted by false discovery rate adjustment (fdr). Each treatment had
three replicates and 9-10 caterpillars per replicate for a total of n = 29-30 caterpillars.
Chlorpyrifos at 0 m and chlorpyrifos x propiconazole at 0 m were not analyzed due to no
variation in response (100% mortality at 24 hours). CFS = chlorpyrifos and PRO =
propiconazole, and an asteric (*) indicates a P-value < 0.05. Concentrations in μg/ml of
artificial diet of chlorpyrifos at 0 m = 434.6, 5 m = 15.4, and 10 m = 7.7 and
concentrations of propiconazole at 0 m = 101.7, 5 m=3.21, and 10 m = 1.77.
Acetone

Control

Pro 0 m

CFS 5 m

CFS 10 m

CFS 5 m x
PRO 5 m

Control
PRO 0m

0.0204*
0.1653

0.2242

-

-

-

-

CFS 5 m
CFS 10 m

<0.0001*
<0.0001*

<0.0001*
0.0003*

<0.0001*
<0.0001*

<0.0001*

-

-

CFS 5 m x
PRO 5 m

<0.0001*

<0.0001*

<0.0001*

0.0329*

0.0684

-

CFS 10 m x
PRO 10 m

<0.0001*

0.0201*

0.0006*

<0.0001*

0.0684

0.0002*

0.616
0.033*
0.0001>*
0.0001>*
0.0001>*
0.0001>*
0.0001>*

Control
PRO 0m
BIF 0m
BIF 5m
BIF 10m

BIF 5m x
PRO 5m

BIF 10m x
PRO 0 m

Acetone

0.0001>*

0.0001>*

0.12
0.0001>*
0.0001>*
0.0001>*

Control

0.0001>*

0.0001>*

0.0001>*
0.0001>*
0.0001>*

P0M

propiconazole at 0 m = 101.7, 5 m = 3.21, and 10 m = 1.77.

0.0001>*

0.0001>*

0.0001>*
0.0001>*

BIF 0m

0.09

0.777

0.311

BIF 5m

0.619

0.468

-

BIF 10m

0.192

-

-

BIF 5m x
PRO 5m

value < 0.05. Concentrations in μg/ml of artificial diet of bifenthrin at 0 m = 42.3, 5 m = 1.4, and 10 m = 0.77 and concentrations of

no variation in response (100% mortality at 24 hours). BIF = Bifenthrin and PRO = propiconazole, and an asteric (*) indicates a P-

bifenthrin 0 m which had two replicates and a total of n = 20 caterpillars. Bifenthrin 0 m x propiconazole 0 m was not analyzed due to

adjustment (fdr). Each treatment had three replicates and 10 caterpillars per replicate for a total of n = 30 caterpillars, except for

Table 3.5 Pairwise comparisons between bifenthrin treatments using the log-rank test and adjusted by false discovery rate
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Acetone
0.08237
0.15875
0.00074*
0.09698
0.15875
0.09425
0.03267*
0.25756

x

Control
PRO 0m
TMX 0m
TMX 5m
TMX 10m

TMX 0m x
PRO 0m

TMX 5m x
PRO 5m

TMX 10m x
PRO 10m
0.70816

0.83926

0.95719

0.83926
0.08237
0.94102
0.83926

Control

0.84593

0.5815

0.83926

0.03267*
0.83926
0.95719

PRO 0m

0.01608*

0.09367

0.08237

0.06294
0.03267*

TMX 0m

0.8136

0.83926

0.95719

0.85533

4. TMX
5m

0.83926

0.64522

0.83926

-

TMX 10m

0.80666

0.83926

-

-

0.33171

-

-

-

TMX 0m x TMX 5m x
PRO 0m
PRO 5m

= 0.519, and 10 m = 0.285 and concentrations of propiconazole at 0 m = 101.7, 5 m = 3.21, and 10 m = 1.77.

propiconazole, and an asteric (*) indicates a P-value < 0.05. Concentrations in μg/ml of artificial diet of bifenthrin at 0 m = 15.38, 5 m

control and thiamethoxam at the 5 m rate which had n = 27 and 29 caterpillars, respectively. TMX = thiamethoxam and PRO =

adjustment (fdr). Each treatment had three replicates and 10 caterpillars per replicate for a total of n = 30, except for the no-treatment

Table 3.6 Pairwise comparisons between thiamethoxam treatments using the log-rank test and adjusted by false discovery rate
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Estimated Relative Larval
Abundance

Pesticide Applications

SBI fungicide
Pyrethroid and
neonicotinoid
Organophosphate
April

May

June

July

Aug

Sept

Time of Year
Figure 3.1 Overlap of monarch relative abundance and pesticide applications
through the growing season. The orange line represents monarchs relative abundance,
the light blue bar represents SBI fungicide applications, the light green bar represents
pyrethroid and neonicotinoid applications, the gray bar represents organophosphate
applications, and the dark green bar represents all possible pesticide applications
throughout the growing season. Graph adapted from Krishnan et al. 2019. (Giesler and
Miller 2017, Solomon et al. 2001, Dang et al. 2021, Meinke et al. 2021, Montenzano et
al. 2018, nail et al. 2015, Dunbar et al., and Ribeiro et al. 2018.)
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Figure 3.2 Survival of monarch caterpillars to the adult stage during and after 96hour oral exposure to chlorpyrifos individually and chlorpyrifos with propiconazole
at AgDRIFT modeled depositions at 0, 5, and 10 m away from field edge. Each
treatment had three replicates and 9-10 caterpillars per replicate for a total of n = 29-30
caterpillars. *Chlorpyrifos at 0 m and chlorpyrifos 0 m x propiconazole 0 m were not
analyzed due to no variation in response but included to show complete results. PRO =
Propiconazole and CFS = Chlorpyrifos. Concentrations in μg/ml of artificial diet of
chlorpyrifos at 0 m = 434.6, 5 m = 15.4, and 10 m = 7.7 and concentrations of
propiconazole at 0 m = 101.7, 5 m =3.21, and 10 m = 1.77.
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Figure 3.3 Survival of monarch caterpillars to the adult stage during and after 96hour oral exposure to bifenthrin individually and bifenthrin with propiconazole at
AgDRIFT modeled depositions at 0, 5, and 10 m away from the field edge. Each
treatment had three replicates and 10 caterpillars per replicate for a total of n = 30
caterpillars, except for bifenthrin 0 m which had two replicates and a total of n = 20
caterpillars. *Bifenthrin at 0 m was not analyzed due to no variation in response but
included to show complete results. PRO = Propiconazole and BIF = Bifenthrin.
Concentrations in μg/ml of artificial diet of bifenthrin at 0 m = 42.3, 5 m = 1.4, and 10 m
= 0.77 and concentrations of propiconazole at 0 m = 101.7, 5 m = 3.21, and 10 m = 1.77.
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Figure 3.4 Survival of monarch caterpillars to the adult stage during and after 96hour oral exposure to thiamethoxam individually and thiamethoxam with
propiconazole at AgDRIFT modeled depositions at 0, 5, and 10 m away from the
field edge. Each treatment had three replicates and 10 caterpillars per replicate for a total
of n = 30, except for the no-treatment control and thiamethoxam a the 5 m rate which had
n = 27 and 29 caterpillars, respectively. PRO = Propiconazole and TMX =
Thiamethoxam. Concentrations in μg/ml of artificial diet of bifenthrin at 0 m = 15.38, 5
m = 0.519, and 10 m = 0.285 and concentrations of propiconazole at 0 m = 101.7, 5 m
=3.21, and 10 m = 1.77.

